FACILITY FORM 602

No7 13672

GPO PRICE $

CFSTI PRICE(S) &

(ACCESSsION NUMBER)

-2 - (THRU)
> T;?—s,ﬁf e ‘ g Has . <copy (HC)
y pe (CODE, ,"
WK%I@ TWX QIZUMBZ (CATE(.?QRZY)/7 ; Microfiche (MF)

853 July 85

11 DECEMBER 1965 REPORT 6099
COPY NO,

{(Title -~ Unclassified)

EXTRATERRESTRIAL RELIQUEFACTION
OF CRYOGENIC PROPELLANTS




UNCLASSIFIED

%r UAIT .. ovs cononens

.
2 ]
1HKIRATI S

.

11 DECEMBER 1965 i REPORT 6099

COPY NO,
(Title -- Unclassified)

EXTRATERRESTRIAL RELIQUEFACTION
OF CRYOGENIC PROPELLANTS

UNCLASSIFIED



DATE 11 December 1965 REPORT 6099

UNCLASSIFIED

Title -~ Unclassified

EXTRATERRESTRIAL RELIQUEFACTION
OF CRYOGENIC PROPELLANTS

Contract: NAS 8-5298

Project: 325

|
g

PREPARED BY APPROVED BY
> .
L.A. Gibson W.K. Wilkinson E. K. Burnett

7— General Manager
/jQ___mw Aerospace Equipment Department
Tamusaitis

Project Engineer

CHECKED BY

((]4@% _/an—-

A. Rose
Manager, Advanced Products

UNCLASSIFIED

%rquam’f

VAN NUYS, CALIFORNIA

RN AT T

3

MAT AYISS

&
%



UNCLASSIFIED

TIRITRATHIN

| W

|

’ a’ Ua,d/ VAN NUYS. CALIFORNIA
el |

-

-~

EXTRATERRESTRIAL RELIQUEFACTION
OF CRYOGENIC PROPELLANTS

‘ By L. A, Gibson
i W. K. Wilkinson
J. Tamusaitis

Final Report
11 December 1965

Prepared under Contract NAS 8-5298
THE MARQUARDT CORPORATION
Van Nuys, California

The information presented herein was developed from NASA-funded
work, Since the report preparation was not under NASA control, all
i responsibility for the material in this document must necessarily

g reside in the author or organization who prepared it.

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

UNCLASSIFIED



v .
TH
' %I( Uard/ VAN NUYS CALIFOANIA Report 6

—

N’

UNCLASSIFIED

b}

4
-

\

CORIKATI

FOREWORD

This report was prevared by The Maryuardt Corporation, Van Nuys,
California under National Aeronautics and Space Administration Contract NAS
8-5298. The work was administered under the direction of the Propulsicn and
Mechanics Branch of the Propulsion and Vehicle Engineering Division of the
George C. Marshall Space Flight Center, Huntsville, Alabama. Mr. Rober:i L.
Middleton was Technical Supervisor for the Propulsion and Mechanics Branch.
Dr. Aaron Rose was Program Manager for The Marquardt Corporation.

This is the final report for studies begun in May 1964 and
concluded in December 1965. The chief contributors to these studies and
their fields of interest are: J. Tamusaitis, System Application; L. A. Gibson,
Cycle Studies; W. K. Wilkinson, Heat Transfer Studies; and A. Marderian,
Component Design Studies. The authors wish to thank Mr. T. A. Sedgwick for
his contribution to this report.

UNCLASSIFIED

- i -




UNCLASSIFIED

v
TH#

- 'ﬂi,(/,ua,(]if VAR WNYYS CattrOunia ‘ Report 6099

e FCURIYIRATHN

This ,age intentionally left blank.

- 11 -

L UNCLASSIFIED




UNCLASSIFIED
%r Uardf .. ... cvo Report 6099

(& t/l(lnlurltn

CONTENTS

Deenion Page
MM - . i
T1 JWTRODUCTION. . . v v v v v v e e e e v e v e s o o o 3
I1T GENERAL DESCRIPTION OF JOULE-THOMSON CYCIES . . . . . P
A. The Hampscn Cycle. v v v v ¢ o o o o v o 5
P.  The Dual Pressure CYCle. « « o v o o o o o + o o T
C. The Cascade Cycle. . . . +« . « o v v v « o « o & 8
v TUNAR RELIQUEFIERS. . .« . . « . «+ . . . . 11
A, Lunar Reliquefier Cycle Analyses . . « . « « . . . 11
B, Hydrogen Reliquefier Cycle Analysc e e e e e e e ie
C. Oxygen Reliquefier . . . .« . e . . e e 17
D. Hydrogen-Oxygen Rellqueiler Cycle Analyses . .. 20
E. Evaluation of the Retio of Oxygen to Hydrogen
Reliquefaction Rates . . . « + ¢« &« « ¢ v « ¢ &« o & 21
F, The Application of Space Radiators to Lunar
Hydrogen Storage « « . . « ¢ v v ¢« ¢ o ¢ o + o o 22
G. Component Design Studies . .+ « ¢« « « + + « « o & 38
¥ EARTH ORBIT RELIQUEFIER CYCLE ANALYSES. . . . . . « « & 49
A. Cycle Tntroduction . . « v ¢ v v v & v o o o o & Lg
3, Hydrogen Reliquefier Cvole e e e e e e e e e e 50
., Oxygen Reliquefier Cycles. . . . e e e e e e 50
D. Hydrogen-Oxygen Reliquefier Cyhles e e 4 e e e 50
. Preliminary Analyses of an Earth Orbit Space
Radistor « v ¢ v o o v 6 v h e e w e e e e e e s 51
Al PARTIAYT, RELIQUEFTIERS. . + o « v v v v v v v v v o o 53
A Arnlysis of Partial Hydrogen Reliquef'ier
Utilizstion. . . . c e e e e e e e e e e e e 53
3, Partial Relliquefier Cyole Analyses « « ¢« o o o o 58
. llydirogen Reliquefier Cycles. . . « ¢ ¢« . ¢« « « o . %9
D. Oxygen Reliquefier Cycles. « « . + v « « v « o o . 63

UNCLASSIFIED

- iii -




UNCLASSIFIED
%fquam’f Report 6099

TIRINRATION

CONTENTS (Continued)

Section ’ Page
VII CONVERTER-RELIQUEFIER . . . &« & ¢ v & v o s o o s o o & 65

A. Introduction . . . e e e e e e e e s e e e e 65

B. Converter- Rellquefler Operation. . . + « + + + « . €5

C. Converter-Reliquefier Application. . + « « « « . . 65

D. Converter-Reliquefier Cycle Analyse€s . .+ « « o« o 67

VIIT CONCIUSIONS & & o 4 o o o v o 4 o 2 o o s o o o s o s TL

X RECOMMENDATIONS . . v v v v v o o ¢ « o o & o s o« o s T3

X REFERENCES. + + « + o v v o e e e et e e e e e e e 5

- APPENDIX A -- Analysis of Hydrogen Reliquefier
Utilization . . . . . e e e e e e e 185

- APPENDIX B -. Transient Thermal Analysis of the Hydrogen
Storage Tank. . . « « « « + ¢+« o o . 191

-- APPENDIX C -- Application Study of a Hydrogen Religueflier
for a TLunar Storage System . « . « « « & 199

- APPENDIX D -- Transient Thermel Anelysis of an Oxygen

Storage Tank. . « « « + ¢ « s+ s « o o s o 203
-- APPENDIX E -- The Horlzontal ILunar Radiator . . . . . . 211
-- APPENDIX F -- Redlator Area Requirement . . « . + + « & 221
-~ APPENDIX G .- Thermodynemic and Transport Properties

Digitel Computer Subroutine . « « « « . 227
- APPENDIX H -- Translation: '"Compresibility of Nitrogen

at Pressures up to 10,000 Atmospheres". . 319
- APPENDIX I -- Summary of Nomenclaeture . « « « « « + o & 325
.- DISTRIBUTION & . v v ¢ o ¢ o o o o s « o o o s o s o s 329

UNCLASSIFIED

- v -




UNCLASSIFIED

%r(/uara’/ " Report 5099

CIRIVRATINS

ILLUSTRATIONS

Fipure ' Page
1. Schematie of the Hampson Cycle. . « . « « + « « « « « 79
2. Temperature-Entropy Diagram for the Hampson Cycle . . . 80
3. Temperature-Entropy Diagram for the Hamp:on Cycle

Showing Joule-Thomson Effect. . . . . . . e v e e e 81
4, Schematic of the Dual Pressure Cycle. . « . o« « + « « & 82
5. Temperature-Entropy Diagram for the Dual Pressure

Cycle v o v v v v v i e e e e e e e e e e e e e e 8
. Schematic of the Series Cascade Cycle + . . . . « « . . 8l
7. Temperature-Entropy Diagram for the Series Cascade

Cycle + . v v v 6 6 o o v v e e e e s e e e e s s &
8. Schematic of the Parallel Cascade Cycle . « « + « & « & 86
9. Temperature.Entropy Diagram for the Parallel Cascade

Cycle v o v @ o o v 6 o 0 e v e e e e e e e e e e e e 81
10. Schematic of & HAampson CYCLE. o v o v o + « o o o o o & 88
11. Minimization of Total Compresor Power for a Hampson

Cycle © v v v o v v v e e e e e e e e e e s e e e 89
12, Sehematic of a Hampson Cycle with Three Stages of Inter-

cooling, Total Compressor Power = 7.02 HP « . « « . . . 90
13. Schematic of a Dual Pressure Cycle with One Stage of

low Pressure Loop Intercooling Integral with Inter

mediate Pressure LOOD « « o o o o o o o o o o« o o o o 91
1k, Schematic of a Dual Pressure Cycle with One Stage of

Primary Loop Intercooling . . . « &« ¢ o o o « o + o o = 92
19. Schematic of a Dual Pressure Cycle with One Stage of

Primary Loop Intercooling and Cooling Between

EXPANSIONS. +« v v o o o o 4 o o o o o s o o &« s & o o 93

UNCLASSIFIED

-V -



e

Figure

16.

17.
18.

19.

20.

21.

22'

2k,

25.

27,

28.

29.

UNCLASSIFIED

:7uarz/f

Report 6099

ARIVIKATION

IL1.USTRATIONS (Continued]

Minimization of Total Compressor Power for a Dual
Pressure Cycle with One Stage of Primery Loop
Intercooling and Cooling Between Expansions . . . .
Schematic of a Hydrogen-Neon Series Cascade Cycle .

Schematic of a Hydrogen-Neon Parallel Cascade Cycle
with Low Temperature Coupling . . . . . « « + « &

Schematic of a Hydrogen-Neon Parallel Cascade Cycle
with Low Temperature Coupling . + « « o « « + &

Schematic of a Hydrogen-Neon Parallel Cascade Cycle
with Low Temperature Coupling . . . . . . . . .« « .

Schematic of a Hydrogen-Neon Dual Pressure Parallel
Cascade Cycle with Low Temperature Coupling . . . .

Schematic of a Hydrogen-Neon Parallel Cascade Cycle
Schematic of a Hydrogen-Neon Parallel Cascade Cycle

Schematic of a Hydrogen-Neon Dual Pressure Parallel
Cascade Cycle o o v v ¢« 4 4 4 v 4 v o o o o o o o o

Schematic of a Hydrogen-Nitrogen Parallel Cascade
Cyc le L] L L] . . . . L] . L] L] * L] L] * L] . . . .

Schematic of a Hydrogen-Nitrogen Dual Pressure
Parallel Cascade Cycle. . . ¢« « 4 o « « o o 4« o

Schematic of a Hydrogen- Nitrogen Dual Pressure Parallel

Cagcade Cycle . . . . . P e e e e e e e

Schematic of & Hydrogen-Nitrogen Duel Pressure Parellel

Cascade Cycle « v v v o o 0 4 o ¢ s o ¢« o 2 & & &

Schematic of a Hydrogen-Oxygen Dual Pressure Parallel

Cascade Cycle . . . . . . . . . . . . a . 3 . . » .

UNCLASSIFIED

- vl -

.

Page

9k
95

96
97

98

102
103
104
105
106

107

-



¢ %’irquard/ Van NUTS CatrouNia . Report 5099

CORIORATIS

LG,

UNCLASSIFIED

ILLUSTRATIONS (Continued)

Page
Schematic of a Hydrogen-Neon-Nitrogen Dual Pressure
Parallel Cascade Cycle. . . ¢ ¢ o ¢ o o o o o o s « o« o 108
Schematic of a Hampson Cycle for an Oxygen Reliquefier. 109
Schematic of a Hydrogen-Nitrogen-Oxygen Parallel-Series
C'Scade CyClG « s & & % 2 e & e o ¢ & 8 s e e = &8 e ® ]_lo
Vertical Lunar Radiator Lunar Surface Temperature
for Iimiting Solutlons, . . . ¢ « « « ¢ « v ¢ o 4 v . 111
Schematic of Performance Limits of Vertical Lunar
RaGigator. o o v v v« v v e s e e s e s e e e e e e e s 112
Radiation Network for & Vertical Lunar Radiator,
Case 1: Iower Performance Limit . . ¢« . ¢ ¢« o & ¢ & & 113
Radiation Network for a Vertical Lunar Radiator,
Case 2: Upper Performence Limit, . . . . . . . . « « . 11k
Heat Transfer Schematic for a Vertical Lunar Radiator
with Variable Lunar Surface Temperature . . . . . . . . 115
Radiation Network for a Vertical Lunar Radiator with
Variable Lunar Surface Temperature. . « . « « « « o « & 116
Schematic and Radiation Networks for a Vertical Lunar
Radiator with Radiation Shields and a Variable Lunar
Surface Temper8tUre . .« o o o & & + o s + 2 & o o » o 117
Comparison of Vertical Lunar Rediator Performance
without Radiation Shlelds to Best Horizontal Lunar
Radiutor Performance (5 Shields). e s e e e e e s s e e 118
Effect of Shield Width on Equivalent Conductance for a
Vertical Lunar Radistor . . . . & ¢« ¢ o & « v o o s » 119
Effect of Shield Width on Egquivalent Sink Temperature
for a Vertical lunar Radiator . . . . . ¢ + « & &« « + 120

UNCLASSIFIED

- vii -



UNCLASSIFIED

/%9/ uardt ... ... comom

Fifure

ek,

46,

L7,
L8,

k9.

50.

351,

\n \ R
n

N
.

un
=

55.
56 .

57.

58.

Report 6099

ll/ﬂ'lﬂ%f/ll\
ILLUSTRATIONS (Continued)

Page
Comparison of Vertical and Horizontal Lunar Radiator 121
Performance with Equivalent Radiation Shields . . . .
Schematic of Radiator System for the Prototype Lunar
Hydrogen Reliquefier. . . . « +« ¢ v v v ¢ v v v « v o 122
Cycle Schematic of Prototype Lunar Hydxogen
Reliquefier . . + + & v « « « « 4 . C e e e e e e 123
Schematic of Heat Exchanger System for the Prctotype
Lunar Hydrogen Religuefier. « « « « o o o « « o« o o 124
Typical Finned Tube Heat Exchanger. . . . . . . 125
Design Data for Circular Plate, Clamped Edge
DIGPNTEBEME. « ¢ v o v + ¢« « v 4 e e e e e e e e e e e 126
Schematic of a Conventional Diaphragm Compressor, All-
Mechanical System . « « v v v v ¢« ¢ + 4 4 o 0 e 4. 127
Mechanical-Hydraulic Compressor System. . . . . . . . 128
All-Hydraulic Compressor SYStem . « o+ « o « « & o & o 129
Conceptual Design Study of Compressors. « « « + o o+ .+ . 131
Schematic of Stendard Flat Diephragm Compressor . . . 133
Preliminary Sizing Curve for Centrifugal Compressor . 13k
Preliminary Sizing Curve for Reciprocating Compressorc. 135
Schematic of Claude-Heylandt Cycle with One Stage of
Intercooling. « « v « v ¢ 6 ¢ o 4 4 4 4w v s e e 4 e e 136
Schematic of Hampson Cycle with One Stage of Inter-
cooling . . . « + .+ & Ve e e e e e e e e e 37
Schematic of Hydrogen-Oxygen Series Cascade Cycle . . . 138

UNCLASSIFIED

- viii -




UNCLASSIFIED

CORRATION

’ mar(/uardf VAN NUYS CALIFORNIA Report &99

ILI.USTRATIONS (Continued)

Plgure Page
9. Schematic of Hydrogen-Oxygen Serles Cascade Cycle . . . 139
60. Schematic off Hydrogen-Oxygen Series Cascade Cycle . . . 140
nl. Schematic of Hydrogen-Oxygen Parallel Cascade Cycle . . 11
62 Schematic of Hydrogen-Oxygen Parallel Cascade Cycle . . 1h2
63, Schematic of Hydrogen-Oxygen Parallel Cascade Cycle . . 143
Ois . Schematic of Hydrogen-Oxygen Parallel Cascade Cycle . . ik
T Radialion Network for a Space Radiator Perpendicular

to the Surface of the Barth . . . . . . . . . .« « . . 145
66, Radiation Network for a Space Radiator Parallel to the

Surface of the Barth., . ., . . « . + 4 & ¢« « v « v o« & W6
6T, Variation of Equivalent Sink Temperature with Altitude. 17
68, Schematic of Externally Powered Open Loop Hampson Cycle

with Direct Boil Off Heat Sink. . « « v +« « v « « v .+ . 148
69. Schematic of Externslly Powered Open ILoop Hampson

CYele o v v v o v e e e e e e e e e e e e e e e e e e 149
(. Boil Of'f Fraction and Compressor Power vs. Compressor

Inlet Temperature for Externally Powered Open Loop

Hampeon CYCle o o o v v v o v o s o o o o o o o s o o 150
. Schematle of Externally Powered Open lLoop Hampson

CyCle e ® e s s & 8 5 6 8 s e e 8 8 2 & € & 9 s o e ° o 151
=, Schematic of Externally Powered Open Loop Hampson Cycle

with One Stage of Intercooling . « o « + ¢ v o « o o « o 152
1. Cehematic of Externally Powered Open Loop Hempson

(:y(,'l('_’ e @ o e & e e & e 4 s & & 9 o B v s e 2 " s s s 0 153

UNCLASSIFIED

- ix -



| /%7! 115101

CORIVRATIN

Figure

Th.

76.
e
78.
79
80,
b1,
82.
83.

8k,

85.

UNCLASSIFIED

Report 6099

ILLUSTRATIONS

(Continued)

Schematic of Externally Powered
with One Expander . . . . . « .

Schematic of Externally Powered
Cycle with Two Expanders. . . .

Schematic of Externally Powered
Cycle with Three Expanders. .

Schematic of Externally Powered
Direct Boil Off Heat Sink . . .

Schematic of Externally Powered
Cycle with One Expander . . . .

Schematic of Externally Powered
Cycle with Two Expanders. . .

Schematic of Externally Powered
Cycle with Three Expanders. . .

Schematic of Externally Powered
Cycle with Four Expanders . . .

Schematic of Externelly Powered
Two Expanders . . « « + ¢ o« o o

Open Loop Hampson Cycle
. . L] » L] - . . . . . . l5h

Open Loop Hampson

Horsepower vs. Boil Off Fraction for Externally

Powered Open Loop Cycle with Two Expanders. . . . « . . 163

Boil Off Frection vs. Compressor Power for Externally
Powered Open Loop Cycle with Two Expanders. . « « o

Schematic of Externslly Powered Open Loop Cycle with
TWO Ex.pande rs L] . . . . [] . L] . L] L[] L[] [ . . L] . L ] L] [

Schematic of Self.-Powered Open Loop Cycle with
Direct Boll Off Heat 8inkK . « « « ¢« v v o o & « o o

UNCLASSIFIED

- X =

* L] » [ L ] L] [ ] . . [ . 155
Open Loop Hampson
L] L[] L . L] L] L] L] L] L . L) l%
Open Loop Cycle with
L ] L] . » L] L] L] . . . . . 15 7
Open Loop Complex
. . . . . . . L) . . . . 15 8
Open Loop Complex
. . . . ] . . . . L] . . lw
Open Loop Complex
. L[] L] L] [ . [ ] L] . [ ] L ] . 160
Open Loop Complex
[ . . . [ ] L ] . . L ] L ] . L] 16 l
Open Loop Cycle wilth
L] L[] L] L] [] . . . . L [ ] L] 162
164
165
166



-

Figure

87.

90.

91l.

92.

93.

oh.

96.
97.

98.

9.

UNCLASSIFIED

Uafdf VAN NUYS Cali?OaNIA

7[110"5’4”(/\

Report 6099

ILLUSTRATIONS (Continued)

Boil Off Fraction vs. Compressor Pressure Ratio for
Self -Powered Open Loop Cycle with Direct Boil Off
Heat Si nk ] - L] L] [ ] [ ] . . L] . L] [ L) . L ] L] . * . L] .

Schematic of Self.Powered Open lLoop Complex Cycle
with Five Expanders . . . L] . L] . L] . . . L] . L] .

Boil Off Fraction vs. Compressor Pressure Ratio for
Self-Powered Open Loop Complex Cycle with Five
Expanders . . ’ . L] . . L] . L) L] L] Ld . . A4 . . L

Schematic of SPU Powered Open Ioop Cycle with Three
Expanders . . . .+ . . . c e e e e e e e e e e

Schematic of SPU Powered Open Loop Complex Cycle
with Four Expanders . . « « + « &+ ¢ o« o o « o o o &

Schematic of Externally Powered Open Loop Cycle with
One Expander. . + « « « o« ¢ » o ¢ e e e e s e .

Schematic of Self-Powered Open Loop Cycle with Direct

Boil Off Heat Sink. . + « « o ¢ o« o ¢« o s ¢ o o o
Boil Off Fraction vs. Compressor Pressure Ratio for
Self -Powered Open lLoop Cycle with Direct Boil Off

Heat Olrlk . . ¢ o o a o s s s e e 8 8 6 e o e

Schematic of SPU Powered Open Loop Complex Cycle
with One Expander . . . , + « o« « c e o s

Schematic of Reversible Converter-Reliquefier . . .

Equilibrium Composition and Enthalpy of Conversion of

Hydrogen vs. Temperature. . . « « +« o o o o ¢ « o &

Schematic of Converter-Reliquefier with One Stage of
Tntercoolings o« « o+ « o ¢« v o o o 0 ¢ e s s e 2 s .

Ochematic of Converter- Reliquefier with One Stage of
Intercooling. . . + « v v v v v 0 v 0 e 4 .

UNCLASSIFIED

- %1 -

167

168

170

171

172

173

17k

175
176

T

178

179



%f

Figure

OO,
101.
102,
10%.

10k,

UNCLASSIFIED

uardr ... ... corom.

Report 6099

SORIVIRATIN

ILLUSTRATIONS (Continued)

Sechematic of Converter-Reliqueflier with One Stage
Intercooling. . . « ¢« ¢ « o o &

Schematic of Dual Pressure Converter-Reliquefier
with One Stage of Intercooling. . . . . . .

Schematic of Converter-Reliquefier with One Stage
of Intercooling . . . « + « ¢« « « +« « &

Schematic of Dual Pressure Converter-Reliquefier
with One Stage of Intercooling. . . . . . . . . .

Schematic of Converter-Reliquefier with One Stage
of Intercooling . . . « « . . . &

Internal Thermal Energy of Parahydrogen, Liquid-Vapor

Mixed Phase . + + + v ¢ o ¢ o o o o o« o o o o o

Internal Thermel Energy of Oxygen, Liquid-Vapor
Mixed Phase . + « « v v ¢« o o v o o « o o o s a

Radiation Analysis Networks for the Horizontal Lunar

Radiator. . . . v v ¢ ¢ e o ¢ o o o

Hydrogen Relliquefier Installation . . . .

of

Equivalent Radiation Conductance for the Horizontal

Lunar Radiator. . . .« « ¢ ¢« ¢ o ¢« ¢« + o ¢ o« o

.

Equivalent Sink Temperature for the Horizontal Luner

Radi&tor- ¢« e . . . . . . . . . . . . . ) . . .

Radiator Area Requirements. . « « « « + v o« & o .

Overall Flow Diagram for the Therm 1 Diglital Computer

Subroutine. « « v ¢ v v e e e e e e e e e

Parahydrogen Saturation Temperature and Pressure.

UNCLASSIFIED

- xii -

Page
180
181
182
183
184
197
209

217

218
219

220

226

283
284



v
.

s

N

H

Figure
G-3.
G-bL,
G-5.
G-6.
G-T.

G-8.

G-9.

G-10.

G-11.
G-12.
G-13.
G-1b4.
G-15.
G-16.
G-17.
c-18.
G-19.
¢-20.

G-21.

UNCLASSIFIED

rquard/

Report 86099

AIRICKITH IS

ILLUSTRATIONS (Continued)

Parahydrogen Saturation Densities . « » « . . « . .

Parshydrogen Internal Thermal Energy at Zero Density.

Isothermal Internal Energy Change for Parahydrogen.
Isothermal Internal Energy Change for Parahydrogen.
Isothermal Internal Energy Change for Parahydrogen.

Isothermal Internal Energy Change at Equal Density
Values for Parahydrogen + + « « + ¢ o « o o o o o

Isothermal Internal Energy Change at Equal Density
Values for Parahydrogen . . « + « ¢ o ¢« « + o + o »

Isothermal Internal Energy Change at Equal Density

Values for Parahydrogen . . . . . . . e e e e e s
Parahydrogen Temperature Function, g. . . . . « .+ &
Parahydrogen Density Function, F. . . . . . . . . .

Parahydrogen Density Function, F, at High Densities
Parahydrogen Deneity Function, f, at High Densitles
Parahydrogen Temperature Function, (l-g). « +« « « &
Perahydrogen Temperature Function, (G-1/T). . . . .

Parahydrogen Low Pressure Thermal Conductivity. . .

Hydrogen Residual Thermal Conductivity. . . . . . .
Hydrogen Low Pressure Viscosity . . . + « « o « « &
Hydrogen Residusl Viscosity . . . + ¢« ¢ ¢ ¢« v ¢ « &

Nitrogen Saturation Temperature and Pressure. . . .

UNCLASSIFIED

- xiii -

288
289

291

292
293
204
295

297
298

- 300

301
302
303



UNCLASSIFIED

| /A%r uardf ... ... ..o

CORIVKR TN

Report 6099

This page intentionally left blank

UNCLASSIFIED

- Xvi -




UNCLASSIFIED
%rquard/ van Nur CaLFORNIA Report 6099

CIKINKATHIN

TABLES
Table Page
I Triple Point and Critical Point Temperatures of
CryOZENE. « o o o o s o o o o s o o o o o s o s s s o 14
I1 Oxygen Reliquefier Application Study. . . « . . « « . . 19
IIX Equivalent Enviromments of Horizontal and Vertical
Lunar Space Radigtors « . « + « « o o o o o s « o + o 37
v Estimated Sizes and Weights of Lunar Hydrogen
Reliquefier Prototype Radiators . + . + « « o « o o « 39
v Tube Sizes for Prototype Lunar Hydrogen Reliquefier
Heat Exchangers . « « . . . . . e e e e e e e L2
Vi Tube Sizes and Number of Tubes Required for Prototype
Lunar Hydrogen Reliquefier Heat Exchangers. . . . . . . _ L3
VII Sizes and Weights for Prototype Lunar Hydrogen
Reliquefier Heat Exchsngers . . . e e e e e e e L
VIIT Thermodynamic Data for Reversible Isothermal Converter-
Reliquefier . . « v v v v v v ¢ v o o v o o 0 o v e e 66

UNCLASSIFIED

- XV -



) UNCLASSIFIED
? /%unard/ Report 6099

CURIVRAT 1Y

This page intentionally left blank

UNCLASSIFIED

- XVl -




Rl

UNCLASSIFIED

: %r Uardl ... oo Report 6099

CORIYRATIESY

I, SUMMARY

Reliquefier component design and cycles were inveatligated to stuly =he
feasibility of reducing or elimineting boil off losses in extraterrestriel
cryogenic propellant storage systems. Conservative estimates of the ma s am
performance of reliquefiers for ligquid hydrogen and ligquid oxygen storage
systems at lunar equatorial sites indicated the following: For a storage
period of 12 lunar days (approximately one earth year), the total masses
which must be transported to supply a fixed mass of liquid hydrogen at t...
end of the storage period can be reduced 14 and 28 percent by the use of r -
liquefiers for 20- and 10-foot diemeter storage tanks, respectively. For
the same period, the total masses which must be transported to supply a fixed
mass of liquid oxygen cen be reduced 2.6 percent for an 1l.T-foot diameter
storage tank. Operation of these reliquefiers only during the lunar night
results in a maximum unvented tank pressure increase during the daylight
hours of only 12 pei, which 1s considered feasible. This mode of operation
permits the reliquefier waste heat to be radiated to space using comparatively
low radiator tempereture. This, in turn, permits the use of relatively simple
reliquefier cycles which could not otherwise be employed. Lower radiator
temperatures for simple reliquefier cycles result in power and weight reductions.

The hydrogen~nitrogen dual pressure parallel cascade cycle and the
Hampson cycle are the most practical lunar hydrogen and oxygen reliquefier
cycles, respectively. These cycles are based on compressor efficiencies of
65 percent and they require only 1.94 horsepower and 0.0327 horsepower to
reliquefy 1.00 1b/hr and 1..43 lb/hr of hydrogen and oxygen, respectively.
The estimated weights of these cycles are 329 pounds and T2 pounds, respec-
tively. The simultaneous reliquefaction of hydrogen and oxygen can be obtained
with a parallel series cascade cycle which is more complex and requires more
external power (2.515 horsepower) to operate than the individual reliquefier
cycles.

Component analyses and design studies for lunar reliquefier cycles
indicate the following: A vertical radiator weighs less and has better
heat transfer performance than an equivalent horizontal radiator and, in
addition, is less susceptible to meteorold damage. Single pass, counter-cross-
flow, finned tube heat exchangers were sized for the reliquefier. This heat
exchanger design lerds 1tself to ease of manufacturing with element sizes and
welghts on the order of 0.10 cu in. and 0.10 1lb, respectively. Other heat
exchanger deslgns considered were multi-pass cross-counterflow tubular and
plate fin types, but these appeared imprecticsal. Diaphragm compressors
(bladderphragm, standard flat plate, and double disphragm) appear to be the
more practical because of leskage, flow rate, and machine efficiency re-
quirements. Rotating machinery was investigated but appeared impractical
because of unrealistic clearance requirements.
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Radiator studies for earth orbit reliquefiers were conducted to
establish the equivalent sink temperature as a function of altitude. The
maximum equivalent sink temperature (380°R) was employed as the basis for
the cycle analyses. A Claude-Heylandt cycle required the minimum compressor
power (4.31 horsepower) to reliquefy 1 1b/hr of hydrogen. A Hampson cycle
required the minimum compressor power (0.424 horsepower) to reliquefy 1.43
1b/hr of oxygen. The minimum compressor power required to simultaneously
reliquefy 1 lb/hr and 1.43 1b/hr of hydrogen and oxygen, respectively, was
6.54 horsepower.

Partisel reliquefiers, externally powered and self-powered space
power unit (SPU) and expander driving compressor (EDC) were investigated
for reducing cryogenic propellant (hydrogen and oxygen) boil off losses.

For hydrogen, the boil off losses can be reduced by 65.5 percent, 63.1 per-
cent, and 45.4 percent for externally powered and self-powered (SPU and EDC)
reliquefiers, respectively. For oxygen, the boll off losses can be reduced
by 38.5 percent, 48.3 percent, and 41.3 percent, respectively, for externally
powered and self-powered (SPU and ECD) reliquefiers.

' The feasiblity of catalytlic conversion for hydrogen religuefaction
was established in the converter-reliquefier studies. However, the operating
time is limited by the mass of hydrogen and the conversion rate.
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II. INTRODUCTION

The use of a reliquefier is advantageous if it results in a reducticr
in the total mass which must be transported in order to supply a given mess
of propellant at the end of a specified storage period. It is shown in
Reference 1, pages 3 to 6, that this is true for a lunar hydrocgen reiiguefier.
These results are presented in Appendices A to C herein and they are based on
a storage period of one earth year at a lunar equatorial site. The feasi-
bility of employing a lunar oxygen reliquefier 1s established herein for the
same storage conditions as those for the lunar hydrogen reliquefier. The ob-
jective of these studies, therefore, is to evaluate the performance amd to
establish preliminary component designs of lunar, and to a lesser extent,
space reliquefiers.

The presentation of the lunar reliquefier studies conducted in order
to accomplish this objective 1s as follows: First, a Joule-Thomson refrigera-
tion cycle for the hydrogen and oxygen reliquefier is selected based on the
results of a comprehensive cycle analyses. Second, the performance of hori-
zontal and vertical radiators is evaluated and the sizes and weights of each
are estimated. Third, the heat exchanger sizes and weights are determined
and the compressor preliminary design is undertaken for a hydrogen re-
liquefier.

The performance of reliquefiers for space storage systems is also
evaluated. Radiator and cycle analyses are conducted for low altitude earth
orbit hydrogen and oxygen reliquefiers. Several new types of space reliquefiers
for short time duration propellant storage have been developed. The first is
a partlal reliquefier which utilizes a portion of the boil off flow as a
heat sink. A partial reliquefier can reduce the boil off about 50 percent,
and in aeddition, does not require any power external to the propellant
system to operate the compressor. The second 1s a converter reliquefier
which utilizes the conversion of parahydrogen to orthohydrogen as & heat
sink. Cycle and utilization analyses are conducted for both the partial
and converter reliquefier.

The cycle analyses constitute a major portion of the space and
lunar reliquefier studies. Therefore, a thorough understanding of Joule-
Thomson cycles is a prerequisite to understanding the cycle analyses and
the influence of cycle operating conditions on radiator, heat exchanger,
and compressor design. Consequently, the thermodynamics of a few simple
Joule-Thomson cycles are first presented, where only combinations of
these cycles are then used in all of the cycle analyses.
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III. GENERAL DESCRIPTION OF JOULE-THOMSON CYCLES

All of the complex religquefier cycles analyzed herein consist of con-
binations of three simple Joule-Thomson cycles. These simple Joule-Thomson
cveles are the Hampson cycle, the dual pressure cycle, and the cascade cycle.
Therefore, a prerequisite to understanding the thermodynamics of the complex
cveles is to first understand the thermodynamics of these simple cycles. The
thermodynamic theories of the Hampson cycle, dual pressure cycle, and cascede
cycle are given in the following sections.

A. The Hampson Cycle

The Hampson cycle iz the simplest refrigeration cycle which depends
entirely upon the Joule-Thomson effect for cooling. The Joule-Thomson effect
is t.e reduction of temperature resulting from the adilsbatic reduction of pres-
sure. Since the following discussion of the Hampson cycle is applicable to
all Joule-Thomson dependent cycles, a complete understanding of the Hampson
cycle 1s essential.

Flow and temperature-entropy (T-S) diagrams for the Hampson cycle
are shown in Figures 1 and 2, respectively. The operation of tihls cycle is
as follows: Low pressure saturated vapor from the storage tank (State Point 1)
1s heated in a counterflow heat exchanger (State Point 2) and then compressed
to a high pressure (State Point 3). Associated with this increase in pressure
through the compressor is a substantial increase in temperature. However, this
is offset by the cooling in the waste heat radistor through which the gas next
passes (State Point 4). The high pressure ges stream is then cooled by counter-
flow heat transfer (State Point 5) to the low pressure stream and finally ex-
panded through a valve (State Point 6) into the storage tank. The Joule-Thomson
cooling resulting from the pressure drop through the valve produces s partisl
liquefaction of the gas (State Point 7).

Paradoxically, whille the only Joule-Thomson cooling occurs in the
expansion valve, the application of the Hampson cycle is limited by the exis-
tence of the Joule«Thomson effect for the conditions at the hot end of the
heat exclianger. Consider an energy belence for a control volume containing
the heat exchanger, the expansion valve, and the storage tank of Figure 1. A
gas stream leaves this control volume at State Polnt 2, and an equal flow rate
gas stream enters the control volume at State Point 4. Now if there is to be
any net removal of energy from this control volume and hence any liquefaction
of vapor, the energy leaving the control volume must exceed the energy
entering the control volume. These energies are the respective products
of mass flow rate and enthalpy. Thus, since the flow rates are the same,
the enthalpy at State Point 2 must exceed thet at State Point 4. Now for
heat trensfer to take place, the high pressure stream flow temperature must
be greater than the low pressure stream flow temperature at every point
in the heat exchenger. 1In particular, the temperature at State Point 4 must

UNCLASSIFIED



r UNCLASSIFIED
%r(/uardf Report 6099

CHKIYIRATI Y

axceed that at State Point 2. These two inequalities arc noted on the temper-
ature-entropy diagram of Figure 3. For the particular radiator exit state in-
dicated (State Point 4), the inequalities can only be simulteneously satisfied
if the compressor inlet (State Point 2) lies in the shaded area. Further,
unless the temperature decreases as the pressure is reduced at constant enthal-
py as chown for the region between the pressures of State Points L and 2, the
inequalities cannot be simultaneously satisfied. Stated in other words, there
must be a positive Joule-Thomson effect. The preceding arguments couvld be
applied to any location in the heat exchanger. It is applied to the hot end
of the heat exchanger of Figure 1l because the highest temperatures occur there
and the Joule-Thomson effect decreases with increasing temperature.

Other important considerations are the selection of t..e radiator exit
pressure (State Pcint 4) and the pressure drop of the high and low density gas
stream through the heat exchanger. First, consider State Point 2 and the radi-
ator exit temperature fixed. Then the radlator exit pressure is selected to
yield the maximum Joule-Thomson cooling. Inspection of Figure 3 shows that
this condition is satisfied if State Point 4 lies at the isenthalpic peak.
Secondly, the pressure drop affects t:e heat transfer rate and, therefore, the
size of the heat exchanger. In addition, the pressure drop of the low density
ftream affects the compressor and radiator reguirements. For example, con-
gider the thermodynamic State Points 1 and 4 in Figure 1 to be specified, and
also the temperature at State Point 2. From the above discussion, the pressire
and temperature at State Point 2 mus®t be such that the previously mentioned
temperature and enthalpy inequalities are simultaneously satisfied. However,
by inspection of Flgure 2, it 1s seen that there is a wide range of pressures
for which these 1lnequalities can be satisfied. It can also be seen that by
continually decreasing the pressure at State Point 2, with the temperature held
constant, the Joule-Thomson cooling becomes progressively larger until State
Point B is reached. For pressures less than that at State Peint B, the Joule-
Thomson cooling remains constant while the compressor pressure ratio becomes
larger. Therefore, the pressure at State Point 2 is selected such that the
trade-off between the Joule-Thomson cooling and the compressor pressure ratio
yields minimum compressor power and consequently, minimum radiator area. Once
the thermodynamic properties at State Point 2 are determined, the enthalpy at
State FPoint 5 ig determined by an energy balance on the heat exchanger. The
pressure at State Point 5 is then regulated so &s to provide a maximum temper-
ature differential at the cold end of the heat exchanger.

Once all of the thermodynamic state points are determined, the total
compressor power required to operate the cycle is determined. Due to cycle
operating conditions, State Points 1, 2, and 4 are usually fixed. Therefore,
the only method whereby the compressor power can be decreased is by the use of
multistage compression with intercooling. This method of decreasing t.e com-

pressor power is applicable to all of the Joule-Thomson cycles which are dis-
cussed herein.
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B. The Dual Pressure Cycle

Flow and temperature-entropy (T-S) diagrams for the dual pressure cycle
are shown in Figures 4 and 95, respectively. The operation of this cycle is as
follows: Iow pressure saturated vapor from the storage tank (State Point 1) is
heatzd in a counterflow heat exchanger (State Point 2) and than compressed tc a
high pressure (State Point 3). Associated with this increase in pressure through
the compresscor is a substantial increase in temperature. However, this is offset

by the cooling in the waste heat radiator through which the gas next passcs. (Siate

Feint L). The high pressure gas stream is then cooled by counterflow heat trans-
fer (State Point 5) to the low pressure stream. The high pressure gas stream is
then expanded through a valve (State Point 9) into the mixed phase region at a
pressure higher than the storage tenk pressure. The mixed phase stream is then
separated into saturated liquid (State Point 10) and saturated vapor streams
(State Point 6). The saturated liquid stream is partially liquefied (State Point
12) by expanding through a valve (State Point 11) intc the storage tank. The
saturated vapcr stream (State Point 6) is recirculated back through the counter-
Tlcw heat exchanger (State Point 7T) and compressed tc a high pressure (State
Feint 8). Then it is cocled in a waste heat rediator and returned tc the high
pressure stream (State Point 4).

As in the Hampson cycle, the application of the dual pressure cycle
is limited by the existence cf the Joule-Thomson effect for the conditions at
the hct end of the heat exchanger. Selection of the thermodynamic state pcints
to maximi-e the Joule-Thomson cooling 1s alsv the same.

The advantage cf the dual pressure cycle as compared tu the Hampson
cycle 1s 1ts higher efficlency at the same operating conditions. The reason is
as follows: First, the refrigeration produced by the dual pressure cycle is
the product of the religuefaction rate and the difference in enthalpy of the
saturated vapor and saturated liguid in the stcrage tank. Since only the con-
ditions in the stcrage tank are required, the refrigeration produced is in-
dependent of the refrigeration cycle which is employed. Therefore, the re-
frigeration produced by the dual pressure cycle is exactly equal to the re-

_ frigeration produced by the Hampson cycle, or any other refrigeration cycle,

provided the storage tank conditions are the same. Secondly, in the Hampson
cycle, all of the working fluld is compressed from the storage tank pressure

to the radiator inlet pressure. In the dual pressure cycle, however, a

majority of the total mass flow rate 1s recirculated in the intermediate
pressure loop. Therefcre, the compressor power per 1b/hr of vapor reliquefied
is less for the dual pressure cycle than for the Hampson cycle, since a majority
cf the total mass flow rate is compressed over a smaller pressure ratio. The
dual pressure cycle is therefore more efficient than the Hampson cycle since

it requires less compressor work per 1b/nr of vapor reliquefied to produce the
same amount of refrigeration.
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As in the Hampsun cycle, the compressor power for the dual pressure
cycle can b= decreased by regulating the pressure drop of the gas streams
through the heat exchanger and employing multistage compression with inter-
cooling. Also, adding ancther heat exchanger below the flow separator results
in increased cycle efficlency.

C. The Cascade Cycle

It is not always feasible to produce refrigeration with the Hampson
cycle or with the dual pressure cycle. This situation occurs when the equivalent
sink temperature of the environment 1s equal to or greater than the Joule-
Thomson inversion temperature of the cryogen. One way to circumvent this
situation is to transfer the waste heat from the Hampson cycle or the dual
pressure cycle to another cycle which employs a working fluid with a higher
Joule-Thomscn inversion temperature. This 1s the principle of the cascade
cycle. Two general types of cascade cycles are discussed. They are the
serles cascade cycle and the parallel cascade cycle.

1. The Serles Cascade Cycle

A series cascade cycle usually consists of twc or more vapor-compression
cycles operating in series, i.e., each cycle essentially operates over a different
temperature range. Figures 6 and 7 show the flow and temperature-entropy (T-S)
diagrams, respectively, for a series cascade -2ycle which employs two vaper-
compression cycles (the vapor-compression cycle is a Hampscn cycle with the heat
exchanger deleted). The operation of this cycle is as fcllows: Saturated
vapor from the storage tank (State Point 1) is compressed tc a higher pressure
and temperature (State Point 2) and is then condensed in an evaporator-condenser
(State Point 3). The working fluid is then expanded (State Point 4) tc the
storage tank pressure resulting in the partial liquefaction of the gas (State
Point 5). The heat of condensation is used to evaporate the working fluid in
the high temperature (secondary) loop. The resulting vapor (State Point 6) is
then compressed to a high pressure (State Point 7), where the increase in tem-
perature is offset by the cooling of the waste heat radiator (State Point 8).

The cycle is then completed by expanding the gas into the mixed phase region
(State Point 9) and returning it to the evaporator-condenser.

The efficiency of & series cascade cycle 1s strongly dependent upon
the combination of working fluids. It 1s mandatory that the ligquid temperature
ranges of the working fluids overlap. That 1s, the triple point temperature
of the working fluid in the high temperatyre loop must be less than the critical
point temperature of the working fluid in the low temperature (primary) loop.
This enables the heat of evaporation of the working fluld in the high temperature
locp to be used as a heat sink for the low temperature loop. In addition, it
allows the isenthalplc expension of a saturated ligquid in both loops. The isen-
thalpic expanslion of a saturated liquid results in higher cycle efficiency
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because it is less irreversible than the isenthalpic expansion of a gas or sub-
cooled liguid. It is also advantageous to have a large Joule-Thomson cficc

for the conditions at the radiator exit. This results in low mass flow rat::
in the high temperature loop and correspondingly less compressor pcwer.

As in the Hampson cycle, further increases in cycle efficiency can
be obtained by employing multistage compression with intercooling. Also,
employing other types of Joule-Thomson cycles in the high and low temperatuie
loops will result in increased cycle efficiency.

2. The Parallel Cascade Cycle

The parallel cascade cycle offers the advantages of the series cascade
cycle and, in addition, requires less total compressor power. A parallel cascade
cycle consists of two or more Joule-Thomson dependent cycles operating partially
over the same temperature range. Flow and temperature-entropy (T-S) diagrams
for a parallel cascade cycle are shown in Figures 8 and 9, respectively. The
cperation of this cycle is as follows: Saturated vapor from the storage tan:
(State Point 1) is heated in & counterflow heat exchanger (State Point 2) anc
compressed to a high pressure (State Point 3). The increase in temperature
resulting from the compression process is offset by the cooling in the waste
heat radiator (State Point 4) and in the counterflow heat exchenger (State
Point 5). The gas is then expanded (State Point 6) to the storage tank pressure
resulting in its partial liquefaction (State Point 7). The heat rejected in
the counterflow heat exchanger by the high density gas in the primary loop is
partially absorbed by the working fluid in the secondary loop (State Point 9).
The working fluid in the secondary loop is then compressed to a higher pressure
and temperature (State Point 10) and then cooled in a waste heat radiator
(State Point 11). The gas is further cooled in a counterflow heat exchanger
(State Point 12) and in an expansion valve (State Point 8). The secondary
loop is completed by recirculating the cool gas back through the counterflow
heat exchanger (State Point 9),

The efficiency of a parallel cascade cycle, like that of the series
cascade cycle, is strongly dependent upon the combination of working fluids
employed. Assuming the working fluid in the primary loop to be determined by
the application requirements, some thermodynamic considerations for selecting
the working fluild in the secondary loop are as follows: The working fluid should
have & low triple point temperature and a high critical point temperature, or
the ratic of triple point temperature to critical point temperature should be
as low as possible. A low triple point temperature sets the lower limit of
operating temperatures in the primary loop at the cold end of the heat exchanger.
It is desirable to obtain temperatures as low as possible at this location since
it results in more heat being transferred to the secondary loop. A high critical
point temperature results in a low reduced temperature at a fixed operating tem-
perature. It can be shown from the reduced equation of state that as the reduced
temperature is decreased, the Joule-Thomson effect is increased and consequently
more refrigeration is produced.
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A parallel cascade cycle is more efficient than a series cascade cycle
for the same coperating conditions. The primary loop in the parallel cascade
cycle, however, is less efficient than the primary locp in the series cascade
cycle. This is because the waste heat is now rejected at a higher temperature
and the Joule-Thomson effect decreases with increasing temperature. The secondary.
lovp in a parallel cascade cycle, however, is very much more efficient than the
secondary ioop in the series cascade cycle. This is because the compressor is
now operated at a higher temperature level. In the series cascade cycle, com-
pressor work is done in the primary loop at a low temperature level. Its waste
heat must subsequently be transferred to the secondary loop for rejection in
the waste heat radiator at a higher temperature. This results in a large com-
pressor power for the secondary loop. In the parallel cascade cycle, however,
only a small fraction of the total waste heat from the primary loop is trans-
ferred to the secondary loop. This results in & smaller compressor power
for the secondary loop. The increased efficiency in the secondary loop more
than offsets the decreased efficiency in the primery loop ard results in
increased cycle efficiency.

Further increases in efficlency can be obtained by employing other
combinations of Joule-Thomson cycles in the primary and secondary loops. Also,
as in the Hampson cycle, multistage compression with intercooling and regu-
lation of pressure drops in the heat exchanger will alsc increase the cycle
efficiency.
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IV. LUNAR RELIQUEFIERS

The preliminary study of hydrogen reliquefiers for lunar epplicatior,
reported in Reference 1, was the starting point for the work reported herein.
Accordingly, certain sections of Reference 1 have been brought up to date and
they are presented herein as Appendixes A, B, and C.* These appendixes are
included because they are the bagis for the religuefier analyses which are dis-
cuss=d in this report.

The discussion which follows covers hydrogen and oxygen reliquefier
cycle analyses, application of space radiators to lunar hydrogen storage, and
reliquefier component design studies for compressors and heat exchangers.

A. Lunar Religuefier Cycle Analyses

Cycles for hydrogen and oxygen lunar reliquefiers are analyzed herein.
These cycles are wholly dependent upon the Joule-Thomson effect for ¢ooling, i.e.
they dc not employ expanders or other means to remove energy from the fluids, ¥*
The operating conditions employed for all of the lunar cycle analyses are
described below.

P

For lunar reliquefiers, the maximum and minimum radiator exit tem-
peratures are limited by the meximum Jotile-Thomson inversion temperature of
the cryogen amd the equivalent sink tempersture of the environment, respec-
tively. The Joule~-Thomson effect vanishes at a much lower temperature for
hydrogen than for oxygen. Therefore, the maximum radiator exit tempexrature
is limited by the maximum inversion temperature of hydrogen, which theoretic-
ally is about 360°R. However, on & practical basis, a much lower temperature
must be employed. From the lunar rediator studies, the maximum equivalent
sink temperature is 194°R. As a compromise between the maximum practical
inversion temperasture of hydrogen and the equivalent sink temperature, a
radiator exit temperature of 200°R was selected.

»Appendix A wes previously presented as Appendix B (pages 61 to 66) of Reference
1, Appendix B as Appendix C (pages 67 to T1) of Reference 1, and Appendix C
as Sections III-A-2 and III-B (pages 3 to § of Reference 1.

#%Tt i recommended that Section III, above, "General Descripticn of Joule-
Thomson Cycles', be read before proceeding with the following detailed dis-
cussion, since it is assumed thet the reader is familiar with the thermodynemics
of Joule-Thomson cycles.
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ALl of the cycle analyses were based on oxygen and hydrogen relique-
faction rates of 1.43 1b/hr and 1.00 lb/hr, respectively. The ratio of oxygen
tc hydrogen reliquefacticn rates of 1.43 was obtained from Section IV-E, below,
"Evaluation of the Ratio of Oxygen to Hydrogen Reliquefaction Rates", where it
was assumed that the oxygen and hydrcgen are to be used as propellants in a
liguid rccket engine. The above reliquefacticn ratic provides an oxidizer-to-
fuel ratio that yields maximum thrust from the rocket engine.

The ovperating conditions employed in all of the lunar cycle analyses
are summarized as follows:

1. Hydrvgen reliquefaction rate | = 1.0 lb/hr
2. Ixygen reliquefacticn rate = 1.43 o/hr
5. OStorage tank pressure = 10 psia

L. Radiatcr exit temperature = 200°R

5. Heat exchanger minimum temperature difference = L4°R

6. Compressor isentropic efficiency = 6%

7. Rediator pressure drop = P, )

The thermodynamic properties of parahydrcgen, nitr:gen, neon, and
oxygen were cbtained frum References 2 tu 8. Ideal gas relaticns were used
when the vaper apprvaches ideal gas behavicr and dats were unavailable.

B. Hydrogen Reliquefier Cycle Analyses

l. Hampson Cycle

A flow diegram for a Hampson cycle is shown in Figure 10. This
cycle utilizes a radiator exit pressure of 1500 psia and it requires 10.T75 HP to
cperate the compresscr. Figure 11 shows the effect uf varying the radiator
exlt pressure on the compressor power fcr this cycle. The minimum power occurs
at a radiator exit pressure of approximetely 1500 psia. Abcve this pressure,
the increase in the Joule~Thomson cooling is slight and the recirculating
mass flow rate does nct decrease sufficiently to outweigh the additicnal
enthalpy rise across the compressor. Below 1500 psia, the converse is true.
The mass flow rate increases so rapidly that although the compressor enthalpy
rise is decreasing the net result is an increase in compressor power. This
effect applies to all Joule-Thomson hydrcgen cycles. Therefore, a radiator
exit pressure of 1500 psia was employed in all of the cycle analyses.
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A flow diagram for a Hempson cycle employing multi-stage com-
pression with intercooling is shown in Figure 12. The final radiator exit
pressure is held at 1500 psia and constant pressure ratio compressors are
employed. Constant pressure ratio compressors provide the minimum total
compressor power for an ideal gas, which hydrogen nearly is at these operating
conditions. Employing three stages of intercooling in a Hampson cycle reduces
the compressor power from 10.75 HP to 7.02 HP, a 34.7% reduction.

2. Dual Pressure Cycle

Further reductions in compressor power are possible with a dual
pressure cycle. Figures 13 and 14 show a dual pressure cycle with one stage of
intercooling in the low pressure loop. In Figure 13, one stage of the low
pressure loop is integral with the intermediate pressure loop. This cycle re-
gquires a total compressor power of 5.34 HP. The dual pressure cycle shown in
Figure 14 employs an intermediate pressure loop that is not integral with any
stages in the low pressure loop. The total compressor power is reduced to
4.85 HP due to the advantage of employing constant pressure ratio compressors.
The efficlency of both of the ebove cycles can be increased by employing a seccnd
nydrogen-hydrogen heat exchanger and expansion valve. This dual pressure cycle
is showr in Figure 15 and requires 4.51 HP. For the dual pressure cycle shown
in Figure 15, the variation of the tctal compressor power with the high tem-
perature expansion valve exit pressure is shown in Figure 16. It is seen that

"minimum compressor power is obtalned when an expansion valve exit pressure of
160 psia is employed in conjunctioun with a radiator exit pressure cf 1500 psia.

3. Series Cascade Cycle (Hydrogen-Neon)

Series cascade cycles offer the potential for further reductions
in compressor power and, in addition, a possible redundant radiator design to
offset meteoroid damage. From Section IIT above, the working fluid in the
secondary loop must have a triple point temperature less than the critical puint
temperature of the working fluid in the primary loop. The triple point and
critical point temperatures of several cryocgens consldered as possible working
fluids in a series cascade cycle are shown in Table I. Inspection of Table I
shows that of the cryogens listed, only neon has & triple point temperature
(44.08°R) less than the critical point temperature of hydrogen (59.37°R).

A series cascede cycle employing hydrogen as the working fluid
in the primary loop and neon as the working fluid in the secondary loop is
shown in Figure 17. This cycle requires 9.45 HP. Most of this compressor
power is used to operate the neon loop.
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TABLE I

TKTPLE FPUINT AND CRTTICAL POINT TEMPERATURES JF CRYOGENS

3 Ratio of
f Triple Point
Substance | Triple Point Critical Point Temperature Reference
Temperature Temperature to Critical
Point
Temperature
(%) (°n)
Parahydrogen 24,86 59.37 0.417 9,2
Neon LL.08* 80.1 0.550 10
Fluorine 96, ¥ 259.5 0.372 11
Nitrcgen 113.68 227 .04 0.501 9
Oxygen 97.8%5 278.60 0.351 9
Argoen 150.80 271.17 0.556 9
Carbon monoxide 122.%6 239.18 0.512 9
Nitrogen triflucride 116.3% - -- 12

*Melting point temperature.

Improvements in efficlency for a series cescade cycle are limited tor
several reasons. [t has been shown previcusly that employing multistage com-
pression with intercooling in the hydrogen loop results {n a substantial
reducticn in compressor power. I[n this cycle, however, only a small fracticn
of the tctal compresscr power is used t. operate the hydrogen loop. Therefore,
employlng multistage compressicn in the hydrogen loop does not appreciably
lower the total compressor power. Increasing the number of stages of inter-
cocling in the neon luop, however, will result in substantial reducticns in
compresscr pcwer. The small Joule-Thomson cooling of neon urder these uperating
conditicns also results in & large compressor power,

A method of clrcumventing thie is either to employ a different working
fluid in the secondary loop ur to use a third loop which would operate in the
iigh temperature range and where the neon lcop would then operate in an inter=-
medlate temperature renge. However, by inspection of Table I, it is seen that
there 1s no pure substance sulitable for elther of the above alternatives.
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There is some possibility that a mixture might prove satisfactory. However,
efforts to find a suitable mixture have thus far proven fruitless. A mixture
of argon and neon was thought to be a likely one. From the data of Table I,

the temperature range would appear to be correct. Additionally, it is knowu
that helium and neon are mutually soluble. Thus, 1t might be expected that
neon and argon would be mutually soluble since all three of these substances
are of the same chemical family. However, a search of the literature reveals
that recent experimental studies have shown that neon and argon are not soluble.

4. Parallel Cascade Cycle (Hydrogen-Neon)

The limitations discussed above are partiaslly circumvented by using
the parallel cascade cycle. In addition, the efficiency of a parallel cascade
cycle is higher than that of & series cascade cycle (See Section III above).

Figures 18 to 24 show the parallel cascade cycles analyzed employing
hydrogen and neon as the working fluids. The parallel cascade cycles shown
in Figures 18 to 20 are basically the same. In these cycles, each lcop contains
one stage of intercooling and the heat from the hydrogen loop is transferred to
the neon loop at the cold end of the high temperature hydrogen-hydrogen heat
exchanger. The compressor power reguired for the cycle shown in Figure 18 is
5.05 HP. Figures 19 and 20 show that the addition of a second hydrogen-hydrogen
heat exchanger reduces the compressor power to 4.89 HP. A dual pressure cyclie
is emplcyed in the primary loop of the parallel cascade cycle shown in Figure
21l. The compressor power required for this cycle is about the same as that
for the cycles shown in Figures 18 to 20, namely, 4.46 HP.

A parallel cascade cycle which transfers heat from the hydrogen to
the neon loop at & higher temperature than the cycles shown in Figures 18 to
21 is shown in Figure 22, 1In this cycle, the heat from the hydrogen loop is
transferred to the neon loop at the high temperature heat exchanger. The
total compressor power 1s about the same as for the other hydrogen-neon parallel
cascade cycles, namely, 4.92 HP.

The hydrogen-neon parallel cascade cycles shown in Figures 18 to 22
all require about the same compressor power. This result 1s a consequence of
the small Joule-Thomson effect of neon at 200°R. A majority of the total com-
pressor power 1is required to operate the neon loop. Therefcore, any major re-
duction in compressor power can be achieved only by improving the efficiency
of the neon loop. The cycle shown in Figure 23 is the same as that in Figure
22, except that the neon compressor pressure ratio is reduced from 16 to 3.52.
The neon mass flow rate is correspondingly doubled due to the decreased Joule-
Thomson effect for the conditions at the hot slde of the hydrogen-neon heat
exchanger. However, the reduction in the neon compressor pressure ratio mcre
than offsets the increased mass flow rate, resulting in a reduction in the
total compressor power. Figures 22 and 23 show that the compresscr power is
reduced from 4.92 HP to 2.55 HP, respectively.
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The ¢ycle shown in Figure 24 is similar to the cycle in Figure 23
except that a dual pressure cycle is employed in the hydrogen loop. The total
compressor power is reduced to 2.37 HP. This is the minimum compressor power
required to operate a hydrogen-neon cascade cycle at these operating conditions.

From the preceding discussion, it appears that a lunar hydrogen re-
liguefier employing a parallel cascade cycle requires the minimum compressor
power. Also, the possibility of any further reductions in compressor power for
a parallel cascade cycle can be achieved only by employing another working fluid
in the secondary loop. From the dlscussion of parallel cascade cycles presented
in Section III above, the initial selection of a working fluid in the secondary
loop is based upon its ratio of triple point temperature to critical point tem-
perature. It is desirable that this ratio be as small as possible. It is seen
from Table I that oxygen, fluorine, and nitrogen have the smallest retios of
triple point temperature to critical point temperature of the cryogens listed.
Fluorine was not considered since it is extremely reactlve and it is also
thermodynamically similar to oxygen. Therefore, parallel cascade cycles em-
ploying either nitrogen or oxygen in the secondary loop and hydrogen in the primary
loop were analyzed.

5, Parallel Cascade Cycle (Hydrogen-Nitrogen)

Figures 25 to 28 show parallel cascade cycles with hydrogen and nitro-
gen used as the working fluids. The cycle shown in Figure 25 is the same as
that shown in Figure 22 except that the working fluid in the secondary loop
has been changed from neon to nitrogen. 1In comparing these two cycles, it is
seer that the compressor power required for the hydrogen loop was substantially
increased. This is due to the reduction in refrigeration produced by the nitro-
gen loop. However, the nitrogen loop is very much more efficient than the neon
loop and consequently requires very little compressor power. The reduction in
compressor power for the nitrogen loop offsets the increased compressor power
in the hydrogen loop, resulting in a net reduction in the total compressor
power required. Comparing Figures 22 and 25 shows that the total compressor
power is reduced from 4.92 HP for the cycle of Figure 22 to 4.03 HP for the cycle
of Figure 25. The total compressor power may still be further decreased by
employing a dual pressure cycle in the hydrogen loop. This cycle, shown in
Figure 26, reduced the total compressor power to 3.48 HP. Adding & second
hydrogen~hydrogen heat exchanger, Figure 27, reduced the total compressor
power to 3.28 HP. As discussed in Section III above, further reductions in
compressor power are stlll possible by decreesing the temperature at the cold
end of the hydrogen-nitrogen heat exchanger. Figures 27 and 28 show the effect
of reducing this temperature. The nitrogen expansion valve exit temperature
18 reduced from 160°R to 123°R, which is 9°R above its triple point temperature.
The total compressor power is reduced from 3.28 HP to 1.94 HP, respectively.
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6. Parallel Cescade Cycle (Hydrogen-Oxygen)

The parallel cascade cycle shown in Figure 29 is the same as that
showr. in Figure 28 except nitrogen is replaced with oxygen in the secondary
loop. This cycle is employed because it yielded the minimum totel compressor
power for nitrogen es the working fluid. As in Figure 28, the temperature of
the oxygen at the exit of the expansion valve is 9°R above 1ts triple point
temperature, namely 10T°R. The total compressor power required is 1.7l HP.

T. Parallel Cescade Cycle (Hydrogen-Neon-Nitrogen)

A parallel cascade cycle employing three refrigeration loops is
shown in Figure 30. In this cycle, a hydrogen dual pressure cycle is cascaded
with a neon loop which 1s in turn cascaded with a nitrogen loop. Neon is used
as the working fluid in the middle loop, where its low triple point temperature
can be taken advantage of and its small Joule-Thomson effect eliminated. The
total compressor power required for this cycle is 1.T4 HP.

8. Hydrogen Religuefier Cycle Results

Inspection of Flgures 10 to 30 shows the results of the lunar hydro-
gen cycle analyses. The total compressor power required to reliquefy 1 lb/hr of
hydrogen is reduced from 10.75 HP (Hempson cycle, Figure 10) to 1.71 HP
(hydrogen-oxygen dual pressure perallel cascade cycle, Figure 29). The reduction
in total compressor power during the course of these analyses is 84%.

A hydrogen-nitrogen dual pressure parallel cascade cycle has been
selected for the lunar reliquefaction of -hydrogen. This cycle requires a total
compressor power of 1.91 HP, which is sl;ghtly higher than those of the
hydrogen-oxygen dual pressure cascaede cycle, and the nitrogen-neon-hydrogen
parallel cescade cycle. However, the higher oxygen compressor pressure ratiocs
and the potential combustion problem eliminated the hydrogen-oxygen dual pressure
cagscade cycle as being the most practical cycle for this application. The
nitrogen-neon-hydrogen parallel cascade cycle was eliminated on the basis of
its complexity.

c. Oxygen Reliquefier

The work accomplished in this area included cycle analyses, an appli-
cation study, and a transient thermal analysis of an oxygen storage tank (presented
in Appendix D).
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1. Oxygen Reliquefier Cycle Analyses

“he selection of a Joule-Thomson cycle for the oxygen reliquefier is
greatly simplified due to the large Joule-Thomson effect of oxygen for the
specified operating conditions. A Hampson cycle (See Figure 31) requires only
0.0327 HP <0 reliquefy 1.43 1b/hr of oxygen. Since the compressor power is so
small, no further Joule-Thomson cycle studies were conducted.

2. Application Study of an Oxygen Reliquefier for a Lunar
Storage System

The results of a comparative analysis of two liquid storage systems --
one with a reliquefier and one without a reliquefier -- are presented herein.
The results were based upon the generel criteria derived in Appendix B of
Reference 1 and in Appendix D of this report.

A storage period of twelve lunar days (8505 hours) or approximately
one earth year was considered. A liquefier specific mass of 300 1b/(1b/hr) was
estimated for this application. This specific mass is considerably less than
the duration of storage and hence, from Appendix B of Reference 1, application
of a reliquefier is indicated.

A comparison was made between an 11l.7-foot diameter spherical storage
system with and without a reliquefier. Data for the system without a relique-
fier were taken from the comprehensive study of cryogenic propellant lunar
storage reported in Reference 13. These date were the masses of oxygen stored,
the oxygen lost by boil off, the tank structure, and the tank insulation.

They are presented in Table II. In this case, the condition required to min-
imize the total mass transported (per unit mass of oxygen evellsble at the end
of the storage period) is satisfied. That is, the mass of oxygen boiled off

is equal to the insulation mess. The data for the system with a reliquefier
were derived from that without a reliquefier as follows: The tank structure
mass is the same. The insulation mass 18 obtained from the expressions derived
in Appendix B of Reference 1 for the insulation masses which minimize the total
mass transported with and without a reliquefier. Combining these expressions
indicates that the ratio of these two insulation masses 1s equal to the square
rooct of the ratio of religquefier specific mass to the storage duration. In
obtaining this result, the incremental tank mass term included in the analysis
of Appendix B of Reference 1 wes deleted because this effect was taken into
eccount herein by deducting the oxygen boil off losses from the tank storage
capacity to yield the mass of liquid oxygen avallable at the end of the storage
period. The reliquefier mass should, as noted previously, be made equal to the
insulation mass.
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TABLE IT

OXYGEN RELIQUEFIER APPLICATION STUDY -
Storage Period = 12 lunar days (approximately one earth year)
Minimum total mass system at a lunar equatorial site

’ Without Religuefier With Religuefier ]

Tank structure, 1bS.-===---cc-- 6040 6040

Tank insulation, lbs.---=c----- 1007 200
Reliquefier *, 1bs.=wwwemucn-uo -- 200
Initial oxygen mass, lbs.====-= 60, 400 60, 400
Total mass transported, 1lbs.--- 67, 4u7 66,840
Oxygen boil off, 1lbs.-=---me=ra 1007 --
Oxygen available, lbs.=====cae- ‘ 59,393 60, 400

Mass transported :

Oxygen available 1.136 1.107

= (2.6 reduction)

Reliquefier rate, 1b/hr - 0.667

*Includes all mass chargeable to reliquefier (e.g.,nuclear electrical power
source).

The total mass transported per unit mass of oxygen available at the
end of the storage period 1s presented in the next to the last row of Table II.
For the 11.7-foot diameter tank, the use of & reliquefier reduces the total
mass which must be transported by 2.64. The use of a reliquefier becomes more
attractive as the tank diameter 1s reduced because the percentage boil off
tends to be greater for smaller tanks. As the tank diameter is reduced, the
storage capacity decreases in proportion to the diameter cubed, whereas, the
surface area and therefore the heat transfer rate and the boil off losses, are
reduced only in proportion to the diameter squared.

a. Night Only Operation of Reliquefier

: The waste heat associated with the operation of the reliquefier must

Py be dissipated. Due to the eabsence of a lunar atmosphere, it appears that the

j most probable technique for this dissipation is radiation to space. For a
lunar equatorial site, this 1s much easier to accomplish during the lunar night
when the radiator need not be shielded from solar radiastion and when the lunar
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surface is cooler. Accordingly, the possibllity of shutting down the operation
of the religuefier during the lunar day and allowing an unvented oxygen storage
tank to rise in pressure and temperature was considered.

A general study of liquld oxygen storage tank thermal transients is des-
cribed in Appendix D. It was concluded from this study that the only significant
contribution to the change of energy storage during the transient is the change
of the oxygen internal thermal energy. The changes of tank shell internal
thermal energy and strain energy were investigated and found to be negligible.
These results were applied here to the tank with a reliquefier as discussed
in the previous section. The changes of oxygen internal thermal energy were
evaluated from Figure D-1 of Appendix D which is based on the assumption there is
no significant temperature stratification within the stored liquid. This assump-
tion is probably valid only i1f specific provisions for minimizing the effects
of stratification are incorporated in the system design. One possibility is
circulating vapor from the top of the tank up through the liquid (which tends
to become subcooled during the daytime transient due to the rise in tank
pressure). This might be accomplished by using cne of the reliquefier com-
pressors and sultgble valving.

Multiplying the oxygen boill off masses of Table II by the latent heat
of vaporization (91.6 Btu/lb at the 15 psia storage pressure of the Reference 13
studies) yields for the total amount of heat transferred through the tank insula-
tion during twelve lunar cycles, 92,240 Btu. The amount of heat transferred per
lunar cycle is one-twelfth this or 7690 Btu. The amount of heat transferred is
inversely proportional to the insulation mass (for a fixed tank surface area).
Thus, for the tank with a reliquefier, the total amount of heat transferred
per lunar cycle is 38,700 Btu. The vast majority of this amount of heat is
transferred during the daylight hours (Reference 13). Assuming the total
amount 1is transferred during the daylight hours will, therefore, only slightly
overestimate the rise in tank temperature and pressure. Using this assumption
and dividing the amount of heat transferred by the mass of stored oxygen yields
the changes in oxygen internal thermal energy, namely, 0.64l Btu/lb. Assuming
a 10 psia tank pressure at the dawn of the lunar day, the pressure at sunset is
(from Figure D-1) only 12 psia. It is concluded, therefore, that operation of
the reliquefiers only during the lunar night is feasible. It should be noted
that, under these condidition, the reliquefaction flow rates of Table II
should be interpreted as average values over & complete lunar day. Since the
reliquefiers are operated only approximately half the time, the design re-
liquefaction rates must be made twice these average values.

D. gydrgggn-Oxygen Religuefier Cycle Analyses

A cascade cycle which simultaneously reliquefies hydrogen and oxygen
is shown in Figure 32. This cycle is unique in that it consists of a parallel
and a series cascade cycle. A hydrogen loop, employing & dual pressure cycle,
and a nitrogen loop form a parallel cascade cycle. Also, the nitrogen loop
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and an oxygen loop form a series cascade cycle, wherein the oxygen loop is
coupled to the nitrogen loop at the exit of the expansion valve. At this
location, the nitrogen consists of two phases, liquid and vapor. The heat from
the oxygen loop Increases the quality of the '‘two-phase fluid, which in turn
reduces the amount of boiling in the hydrogen-nitrogen heat exchanger. The
total compressor power required to simultaneously reliquefy the hydrogen and
oxygen in this cycle is 2.515 HP, which is more compressor power than is
required to reliquefy each separately.

E. Evaluation of the Ratio of Oxygen to Hydrogen Reliquefaction Rates

In the analyses of cascade cycles which simultaneously liquefy
oxygen and hydrogen, a knowledge of the ratio of oxygem to hydrogen relique-
faction rates is required. This ratio is determined primarily by two considera-
tions. The first is the size of the storage tanks, and the second is the appli-
cation for which the oxygen and hydrogen are intended. Typical applications
are propellants in a liquid rocket engine and reactants for a power generation
device such as a fuel cell.

In this study, the oxygen and hydrogen were considered to be stored
in 11.7-foot and 20-foot diameter spherical storage tanks, respectively. These
are the largest storage tanks for which data, such as tank structure weight and
boil~off rates were available. These storage tanks also have the optimum
insulation mass, as determined from Reference 1.

Considering the oxygen and hydrogen to be used as propellants in a
liguid rocket engine, maximum thrust is obtained when the oxidizer-to-fuel
ratio is 5.25 (Reference 14). From References 1 and 15, the ratio of oxygen
to hydrogen reliquefaction rates is 0.886 for an oxidizer-to-fuel ratio of
3.26. The oxygen-to~hydrogen reliquefaction ratio for maximum thrust is then

0.886 x 35-—22 = 1.43

If the oxygen and hydrogen are to be used as reactants in a fuel cell, the
oxygen-to-hydrogen mass ratio is 8.00. The oxygen-to-hydrogen reliquefaction
ratio is therefore

8.00 _
0.886 x T3¢ ° 2.18
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F. The Application of Space Radiators to Lunar Hydrogen Storage

1. Introduction

Waste heat rejection during the operation of a lunar hydrogen re-
liquefier requires the use of a space radiator. In order to size the radiator,
it is necessary to determine the equivalent thermal environment for a radistor
situated on the moon. The equivalent thermal environment can be represented by
a surface of uniform temperature which completely surrounds the radiator and the
temperature of the surface may be referred to as the equivalent sink temperature.
Knowledge of the equivalent sink temperature provides direct insight into the
selection of reliquefier cycle operating conditions in that the fluid temperature
at the exit of the radiator must be greater than the equivalent sink temperature.
Also, the equivalent environment approach results in a considerable simplifica-
tion of raediator area computations.

For a lunar equatorial site, it is advantageous to dissipate the
surplus heat during the lunar night when the radiator need not be shielded from
solar radiation and when the lunar surface 1s coocler. The result is a cooler
equivalent sink temperature which permits a lower radiator temperature ard a
smaller radiator area than if daytime operation were considered.

The radiastor's heat rejection rate is dependent upon the view fac-
tors between the radiator and its surroundings and the temperatures of its sur-
roundings. The view factor between the radiator surface and 1ts surroundings de-
pends on its orientastion. The temperature of deep space is about 20°R. However,
the temperature of the lunar surface in the vicinity of the radiator 1s increased
by the presence of the radiator. The radiator heat rejection rate per unit sur-
face area 18 reduced because the radiator sees a warmer lunar surface. The extent
of the increase of the local lunar surface temperature depends on the configuration
of the radistor. Conseguently, the choice between a flat radiator either standing
vertical or lying flat on the lunar surface must teke into consideration the effect
of local lunar surface temperature variation.

Since the nighttime lunar surface is warmer (about 216°R) than the
temperature of deep space (about 20°R), it 1s desirable to shield the radiator
from the lunar surface. Thus, radiation shields between the radiator and the
lunar surface have been considered in the analysis. To make the performance
comperison equitable, both the vertical and horizontal radistors have the same
number of shilelds.

‘ The nomenclature used in this discussion is summarized in
.« Appendix I,

¥
a. Background

,/ ‘ The horizontal radiator on the moon was analyzed in deteil in
Reférence 1 and this analysis 18 included &8 Appendix E of this report. It
was indicated thaet the vertical rediator possesses several potential advantages
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over the horizontal radistor. At a lunar equatorial site, a vertical radiator
may be oriented in such e manner that it lies approximately in the ecliptic plane.
This minimizes the probability of meteoroid damage since the direction of highest
meteoroild incidence is in the ecliptic plane. Secondly, a vertical radiator dces
not completely shield from deep space the portion of the lunar surface which it
sees. (Both horizontal and vertical radistors have the same radiation configura-
tion factors with respect to deep space and with respect t0 the lunar surface
when both sides of the radiators are considered.) As a result the vertical radie-
tor tends to view a lower average surface temperature than that which the nhori-
zontal radjator sees. Consequently, a comparative analysis of horizontal amd
vertical radistor configurations was conducted to determine if this effect is
significant.

b. Analytical Approach

In order to compare the radiant heat transfer performance of &
vertical radiator with that of a horizontal radiator, the vertical radiator has
been enalyzed on the same besis as was the horizontal radiator. The gray body
radiation network method of Oppenheim (Reference 16) is employed to evaluate the
equivalent thermal environment which is defined by an equivalent sink tempera-
ture and an equivalent conductance such that the radiator temperature and the
heat rejection rate are the same as in the real environment. With this method,
the potential for radiant heat transfer 1s taken to be the product of the tem-
perature raised to the fourth power and the Stefan-Boltzmann constant. Thus,
the heat rejection rate per unit surface area of the radiator is given by

q = ol G (Tg - Tg)

In order to choose between a vertical or horizontal radiator,
the standard for comparison was taken as the best horizontal radiator perfor-
mance. It was shown in Reference 1 that the performance of the horizontal
rediator is very nearly meximized with only five radiation shields between it and
the lunar surface. Thus, an equitable comparison would have to ilnclude the effect
of radiation shields on the performence of the vertical radiator. This, together
with the fact that the lunar surface temperature varies with distance from the
vertical radiator, posed a formidable problem for which no known solution existed.
Therefore, it was decided to attack the problem in a progressive number of steps
rather than to attempt a rigorous analysis of the vertical radiator at the outset.

First, in order to establish the feasibility of the vertical
rediator, the actual solution including the effect of variable local lunar sur-
face temperature was bracketed by analyzing the two limiting cases: 1. the
local lunar surface temperature is unaffected by the presence of the radiator,
and 2. the local lunar surface temperature is raised uniformly to the maximum
temperature it would reach at the base of the radiator. Due to the fact that
there would actually be a local temperature gradient along the lunar surface,
the actusl performance lies between the two limiting cases.
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The second step was to determine where the actual performance
fcll between the upper and lower performance limits. Essentially what was done
was to integrate the effect of the varlastion of the lunar surface temperature in
the vicinity of the vertical radiastor. The performance of the vertical radiator
without radiation shields exceeded that of the horizontal radiator with radiation
shields for radiator temperatures applicable to lunar hydrogen reliquefiers.
Therefore, the third step was to include radiation shields in the vertical radia-
tor analysis along with the effect of local lunar surface temperature variation

in order to make a thorough comparison with the performance of the best hori-
zontal radiator.

Finally, the sizes and weights of the radiators were estimated
| for the lunar hydrogen reliquefler prototype system.

2. Mathematical Model

a. Assumptions

The following assumptlons were made for the ensuing analysis:

1. The vertical and the horizontal rediators have the sare
dimensions.

2. Both sides of the vertical radiator have a coating with
an emissivity of 0.9.

3. The upper surface of the horizontal redistor has an
emissivity of 0.9, the lower surface has an emissivity
of 0.05 (typical of clean aluminum).

L. The aluminized Mylar radiation shields have an
enissivity of 0.05.

b. Jdealizatlons

1. The lunar substrate wis used as a thermal sink because its
temperature is presumably unaffected by the radiator. The
heat transfer through the lunar crust was assumed to be one-
dimensional and to be predominantly by radiation. During
the lunar night, a quasi-steady state condition exists. The
heat transferred through the lunar crust from the lunar sub-
strate to the lunar surface 1s equal to the heat transferred
by radiation from the lunar surface to deep space. The
equivalent radiation conductance of the crust was based on
the estimated temperatures of the lunar substrate and the
lunar surface.
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The heat transfer through the lunar crust was assumed to

be one-dimensional, that is, in the vertical directiun c¢:ly.
This idealization is conservative in that it degrades radi.
tor performance. By.not permitting the horizontal flow of
heat through the crust, the local increase in lunar swfsce
temperature is aggravated. Thus, the radiator sess a w ~r. -
surface and the heat rejection rate was underestima’ za.

The lunar surface was assumed to be flat without zilis o
mountains. Any obstruction above the horizon wouid reduce
the radiator's view of deep space and thereby degrade radia-
tor performance.

The temperature of the radiator was assumed to be uniform
over its surface and equal to the exit fluld tempersture.

Of course, there actually would be temperature gradients

due to the fact that the cycle working fluid is being coclica
through the radistor and there 1s heat transfer by conduc-
tion in the fins between the radilator flow passages. How-
ever, an expression for the ratio of radistor surface area
with nonuniform fluild temperature to radiator surface ares
for the same hl:at transfer rate and uniform fluid temperature
has been derived in Appendix F. In addition, the effect of
temperature gradients in the fins was included in the deri-
vation of the surface heat transfer effectiveness. A value
of 0.60 was used because this design comes very close to
maximizing the heat transfer rate per unit fin mass for all
conditions (Reference.l7).

The view fector from the radiastor to the lunar surface was
evaluated for an infinitely long radistor of finite height.
This is also a conservative ldealization because by igncring
ernd effects, the radiator sees only the warmer lunar surface
directly in front of it rather than the cooler lunar surface
to the side. Thus, the heat rejection rate was underestimated.

The rediating surfaces were sssumed to be gray so that
e =xamd 1 - o = p regardless of wave length.

Both deep space and the lunar surface were considered to be
black bodies with emissivities of 1.0. Although the effec-
tive emlssivity of the lunar surface is questionable, this
assumption is Justified in that it results in a very slight
conservatism in the overall analysis.

The temperature of deep space was taken as 20°R. This value

is not critical because when raised to the fourth power it
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is negligible when compared to the lunar surface temperature
and the radiastor temperature each raised to the fourth power.

9. The lunar surface temperature during the lunar night was
teken as 216°R. (Reference 13).

10. The constant lunar substrate temperature was inferred from
surface temperature measurements to be approximately 420°R.

c. Analytical Technique

The various radiation streams in the heat transfer system may be
identified with the currents in an electrical network composed of conductances
which are determined by the view factors between the surfaces and their respective
emissivities. Then, the heat rejection rate of the radiator can be determined
by merely solving the network using techniques well known to the electrical
engineer. The radiation network method presented by Oppenheim in Reference 16
was employed in the solutions which followy; The so-called wye-delta transior-
mation was used to advantage in the reduction of a complex network to a circuit
consisting of two nodes connected by an equivalent conductance. Naturally, one
node represents the radiator temperature. The other node, the equivalent sink
temperature, and the conductance represents the thermal environment of the
radiator.

According to Oppenheim's method the rediant heat transfer be-
tveen two gray radiating surfaces can be represented by the network shown in
Sketch A below. Conductances rather than resistances are shown for convenience
in the analysis.

N
OTlh AFip = AFpy T3
\ \
N H AN AN ——AAA o] I
A Aaea
Loe T-«,

SKETCH A. Radiation Network for Heat Transfer System
Consisting of Two Surfaces (Reference 18)
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The extension of this technigue to three or more radiat .ng
surfaces 1s routine as demonstrated in the solutions presented in Section
IV"F'} belOW.

. The transformation of a wye circuilt to a delta circuit is
shown below. Conductances are shown for convenience.

1
LG = Gl + G2 + G3
G5 = (Gl) (Ge)/ LG
Gg = (6) (65)/ T @

SKETCH B. The Wye-Delta Transformation (Reference 16)
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3. Analytical Solutions

a. Vertical Radiator Limiting Solutions

In this section the upper and lower limits on the performance of
a vertical radiastion are established without explicit consideration of the varia-
tion of the lunar surface temperature with dilstance from the radistor. It is
relatively easy to bracket the actual solutlon, which includes the effect of
variable lunar surface temperature, by analyzing the two limiting cases. Then
the actual performance must lle between the two extremes.

The first case is the lower limit on performance, in that the
rediator sees the local lunar surface at its maximum temperature. It is repre-
sented in Figure 33 by the lunar surfaece being uniformly raised to the local
temperature of the lunar surface at the base of the radiator. The heat transfer
system 1s shown schematically in Figure 34. An element of lunar surface at the
base of an infinitely long (finite height) vertical radiator has maximum shiel-
ding from deep space. The lunar surface view factor with respect to deep space
is at a minimum of 0.5. An element of radiator area at the base sees the maxi-
mum local lunar surface temperasture, and the lunar substrate was used as a
thermal sink as was done in the case of the horizontal radiator.

The second case 1s the upper limit on performance, in that the
rwdiator sees the lunar surface at its normal temperature as shown in Figure 33.
I: wes imagined that the local lunar surface temperature is undisturbed by the
presence of the radistor. This situation is represented in Figure 3L by an
element of area at the top of the radiator seeing, for the most part, the normal
lunar surface temperature at a distance away from the radlator.

The network solution for the case of the lower performance
limit 1s shown in Figure 35. The conductances per unit surface area have been
evaluated according to Oppenheim's method.

An element of radistor surface area at the base of the radia-
tor sees equal views of deep space and the lunar surface. Therefore

Fl-F2ﬂ005

G1=F1005

G, = F

2 2-005
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An element of lunar surface area at the base of the radiator sees

equal views of the radiator and deep space. Therefore

o
1
]
=
i}

0.5

u@
|

e
]

0.5

The radiator surface conductance is given by

_ R___0.9 _
Oy =TT =1~ 0.9 9.0

The lunar crust radiation conductance 1s determined from an energy

balance on the lunar surface.

4 4
f2 (Tp - Tp)
5 a—

1.oAg216“ - 20“)
(ueon - 216“)

it

0.0752

The network of Figure 35-A 1s simplified using the wye-delta trans-
formation as shown in Figures 35-B through 35-E. In addition, it should be men-

tioned that conductances in parallel are comblned by adding their values

algebraically.

The step from Figure 35-F to Figure 35-G concerns the evaluation of
the equivalent sink temperature and the equivalent conductance. An energy

balance yields the following equation with two unknowns, GE and TE:

b

b b
Gg (Tp = Tg) = Gg (T

R

L

4 4
- To) * G, (T - T,)

Rearranging terms, we have

L L L L b
GpTp = Gplp = (G6 + G7) T - (G6TO - G7Tl)
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Therefore, for GE and T_ to be independent of TR we must have the following

E
identiti=s:
GE = G6 +‘G7
4 L
Th G6TO + GITl
E” G
B

The network solution for the cese of the upper performence
limit is shown in Figure 36. The solution is similar to that for the previous
case.,

b. Verticel Rediator with Variable Lunar Surface Temperature

The effect on vertical radistor performance of the lunar sur-
face temperature variation in the immediate vicinity of the rasdiator is analyzed
in this section. The temperature of the luner surface near the radiator is in-
creased due to the fact that the radiator rejects heat to the surface and the
radiator partially shields the lunar surface from deep space. The rediant heat
transfer performance of the radistor is degraded because the radiator sees an
abnormally warmer lunar surface.

In Figure 37 the radletor is shown schematically exchanging
heat with the lunar surface (whose temperature varies with distance from the
rediator) and with deep space. The four points indicated on the lunar surface
represent the infinite number of points on the lunar surface exchanging heat
with the radiator, deep space, and the lunar substrate. The network solution
for this radiation heat transfer system i1s shown in Figure 38.

The conductances per unit area were determined as follows:

The surface conductance of the radiator is

The conductance G, represents the fraction of radiant energy leesving the radia-
tor and interceptéd by deep space.

UNCLASSIFIED
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The conductance of the lunar crust is

03 = 0.075?

The conductance G, represents the fraction of radiant energy leaving a line source

b

on the lunar surface and intercepted by the radiator.

Gh = FXdX

where the view factor FX is given by Reference 19.

The conductance G. represents the fraction of radiant energy leaving a line source

)

on the lunar surface and intercepted by deep space.

G5 = 1 - Fx dax

Applying the wye~delta transformation to the wye consisting of conductances G,,

3
Gh’ G yields G’6 and G_.

5 T

GBGM 'GjdeX

G, = =
6" T "

3t +s 3

The infinitesimal conductances G6 are connected in parallel to nodes
Tl and TB' These conductances are combined by integrating over the lunar surface
area to get GS' Likewise the infinitesimal conductances G8 are combined to

t G,
ge 9
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. EQJQ I, 4% Gy
8 G, +1 =~ 2(G, +1)
3 3
[® FAX - [ Fodx
o =20 X 0 X _ T
9 G, + 1 T BG 7 T)

The parallel ccnductances G2 and G, are added to give GlO

10" Y27 Y9

A wye-delta trasformation of the wye consisting of conductance: Gl’

ard (lO gives Gl and G

1 12°

. - 1710
L Gy + Gy + Gy

L 6, G
127G 7 Gy ¥ g

The equivalent conductance and the equivalent sink temperature were

determined 1rom an energy balance at T_ in Figure 38-E.

R

Cp = G171 * Cpp

Gy
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¢. Vertical Radiator with Radiation Shields

The vertical radiator exchanges heat by radiation with deep
space, the bare lunar surface, and the radiation shields covering the lunar suvr-
faze at the base of the radlator. The temperatures of the lunar surface and the
raliation shields are affected by the, presence of the radiator. These inter- .
actions were included in the evaluation of equivalent sink temperature and the
equivalent conductance from the radiator to the sink. The values of these para-
meters were determined so thet the radiator temperature and the heat rejection
rate of the radiator are the same as in actual environment.

The purpose of the radiation shields covering the lunar sur-
face in the vicinity of the radlator is to shield the radiator from the lunar
substrate which has the highest temperature in the rediatlion system during noc-
turnal operation. The effective sink temperature 1s thereby lowered as is the
equivalent radiation conductence, due to the thermal resistance of the radiation
shields added to the system.

The radiation system is shown schematically in Figure 39-A.
The corresponding network is shown in Figure 39-B with radiation conductances
representing the paths for radiant heat transfer between the radiator, deep
space, and the lunar substrate. The network was simplified by successive wye-
delta transformation and combinations of parallel conductances as shown in
Figures 39-C thru 39-F. The final network representing the heat transfer betwu:en
the radiator (T,) and its equivalent environment, defined by the equivalent conduc-
tance (G.) and equivalent sink tempereture (Tp), is shown in Figure 39-G.
The evallation of the network conductances proceeds as follows:

The surface conductance of the radistor is

The conpductance G2 represents the fraction of radiant energy leaving the radia-

tor and intercepted by deep space.

G2 = 0.5

The total conductance of the lunar crust ( Bmissivity = 1.0) and N radiation
shields (Emissivity = 0.05) is

1
Gy = 15757 Yo%
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The conductance of the lunar crust without radiation shields is
Gh = 0.0752

The conductance G5 represents the fraction of radisnt energy leaving a

line source on the lunar surface and intercepted by the radiator.

G5 = FX@X

The view factor FX was determined in Section IV-F-3-b above.

Foo= s 1 =X )
X2 K +1
The conductance G6 represents the fraction of radiant energy leaving a

line source on the lunar surfece and intercepted by deep space.

G6 = 1 - FX dXx

Applying the wye-delta transformetion to the wye consisting of con-

ductances G, G5’ and G6 ylelds G7 and G8. Conductances G9 and GlO result from

a wye-delta transformation of the wye formed by Gh’ G5, and G6.

For example:

o - G3G5 } G deX
T G5 + G5 + G6 G3 + 1
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The infinitesimal conductances G7 which are arranged in parallel are
combined by integrating over the area covered by the radiation shields to get
G ;- Likewise, the Gg conductances are integrated to get G+ Similerly, the
conductances G9 and GlO are each Integrated over the lunar surface area not

covered by radiation shields to get G13 and Glh’ regspectively.

For example:

G = Efz"i 6 ok = Gie(?s- i :.)l)
3 3
where:
6=V1+1°and 6 =tan" "t (L)
The parallel conductances Gll’ and Gl5 are combined to give G15'

Similarly, G2, G.,, and Glh added together give G16'

12

G}(L-6+l) Gh(é-L)

G = +
1
2 2(G3+l) 2(Gh+l)

- e _ {n/e - 8)
Gl6’G2+h(G5+ﬂ'hn(Gh+1)

A wye-delta transformation of the wye consisting of conductances G.,

1
GlS’ and Gl6’ gives G17 and G18'

The equivalent net conductance and the equivalent sink temperature
were determined from an energy balance at the node represented by TR in
Figure 39-F.
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¢c. Radiator Breakeven Temperature

In order to make a performasnce comparison between the two con-
figurations, a breakeven radiator temperature can be determined. Above the break-
even temperature, the vertical radlator rejects more heat per unit projected
surface area than does the horizontel radiator. Below the breakeven temperature,
the radiant heat transfer performance of the horizontal radiator is better. The
breakeven temperature is that radiator temperature for which either configuration
of the same projected area would reject the same smount of heat. Thus the break-
even temperature is obtained by equating the heat transfer rate expressions for
the two configurations and solving for the radiator temperature.

L i
(6g), = (Gg)y

TBu =

4. Results

a. Vertlcal Radiator without Radistion Shields

The equivalent environments of the vertical radlator without
shields and the horizontal radistor with filve shields are tabulated in Table IITI.
The vertical radiator equivalent conductance has been doubled so that the pro-
Jected area of the horizontal radilator can be used as the basis for comparison.
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TABLE III

EQUIVALENT ENVIRONMENTS OF
HORIZONTAL AND VERTICAL LUNAR SPACE RADIATORS

Equivalent Thermal
Equivalent Sink
Conductance per Unit
Conf
onfiguration Projected Area Tem%xoe;;.ture
(dimensionless)
Horizontel (5 shields) 0.904 111
Vertical (Lower limit) 1.41k 194
Vertical (Variable lunar 1.626 186
surface temperature)
Vertical (Upper limit) 1.800 181

The heat rejection performance of the radiators, based upon
thelir eveluated thermal environments, is shown plotted as a function of radiator
temperature in Figure 40. It 1s seen that the actual varisble lunar surface
temperature solution for the vertical radiator does indeed lie between the
lower and upper performance limits prescribed in Section IV-F-3-a sbove. It
is also seen that the performance of the vertical radiator even without radiation
shields crosses over that of the best horizontel rediator at a radiator tem-
perature of 22L4°R. This breakeven temperature could be reduced by employing
radiation shields of proper width.

a. Vertical Radiator with Radiation Shields

The effect of rediation shields on the vertical radiator
equivalent environment is shown in Figures 41 and 42. If the vertical redia-
tor utilized the five shields of the horizontal radiator with equivalent
dimensions, the effective width of the shields would be 0.5 times the radiator
height h. For this configuration, the equivalent conductance based on the
projected area of the horizontal radiator (A = w times h) is 1.628 and the
equivalent sink temperature is 167°R. The breakeven radiator temperature above
which the vertical radiator would reject more heat than a horigontal radiator
of the same size is 199°R. The heat transfer performance of the horizontal
radiator and the vertical radistor with the equivalent radiation shields is
shown in Figure 43.
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c. BSizing the Lunar Reliquefier Prototype System Radiators

The lunar hydrogen reliquefier cycle which has been selected for
preliminary design studies is shown in Figure U4lL. This hydrogen-nitrogen dual
pressure cascede cycle has five radiators’ numbered 1 to 5. The required surface
areags of one side for each of these radiators are tabulated in Table IV for both
the vertical and horizontal configurations with five radiation shields. (The
computational procedure is given in Appendix F). It is seen that the vertical
configuration requires less surface area than the horizontal for the lunar
application.

It 1s indicated in the radiator analysis of Appendix E that a fin
effectiveness of 0.60 could be obtained with an aluminum fin 0.010-inch thick
and 9.0 inches long. (The coolant tubes would then be spaced 18 inches apart.)
For this configuration, the fins would weigh about O.lhl 1b/ft2 of one side
surface area. This is the value which has been used to estimate the radiator
weights in Table IV. Tt does not include the weights of the meteoroid pro-
tection, coolant tubes, and rediator supports.

G. Component Design Studies

1. Tunar Hydrogen Religquefiler Prototype Heat Exchangers

a. Problem Statement

The cycle for the lunar aydrogen reliquefier prototype is
shown schematically in Figure 45. The heat exchanger system for this cycle is
shown enlarged in Figure 46. (The slight discrepancies in state points and flow
rates are due to the fact that the values in Figure 46 have been calculated by
means of a computer properties subroutine whereas the Figure 45 state points
were read from T-S diagrams.) It is seen that the multi-fluid control volumes
of Figure 45 represent one or more two-fluid heat exchangers which have been
numbered 1 through 9. Where boiling to a superheated vapor occurs, the
process is represented to teke place in two heat exchangers: (l) & boiler with
saturated vapor at the exit, and (2) a superheater with saturated vapor at the
inlet. This breakdown has been chosen as a matter of convenlence in analysis.
The heat exchanger program will not hendle both boiling and superheating in its
present form. As far as hardwere is concerned, the boiler and superheater will
probably become a single unit.

b. Design Features

The heat exchangers have been designed tc be both compact
(about the size of a flashlight) and lightweight (ebout 0.1 pound each). No
hardware problems are antlcipated because the heat exchanger design has been
modeled after configurations used in typical cryogenic hydrogen refrigeration
systems (Reference 24).
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TABLE IV

ESTIMATED SIZES AND WEIGHTS OF
LUNAR HYDROGEN RELIQUEFIER PROTOTYPE RADIATORS

Radiator Number

Jtem
Quantity
- 1|2 | 3| % s
1. |M, 1v/hr 1.215| 1.8 |1.215]|2.02 | 2.02
2. |{Tq, °R 512 462 5%2 540 555
3. | T, °R 200 [ 200 |200 |210 | 200
L. | Hg, Btu/lb| 1710 | 1539 | 1793 | 187 184
5. | ®,, Btu/ib| 533 | 500 |soo |01 | 33
6. | aH, Btu/ib| 1177 | 1039 | 1293 | 86 151
7. 1Q, Btu/hr | 1430 | 1642 | 1571 | 17k 305
8. | Ta/Ty 2.56 | 2.31 | 2.66 |2.57 | 2.78
HORIZONTAL RADIATOR CONFIGURATION
9. | Ap, sq £t | 637 732 700 63 136
10. TE/Tb 0.555] 0.555| 0.555 | 0.529| 0.555
11. |A/Ay 0.190} 0.220| 0.180 | 0.190| 0.165
1k, [A, sq ft | 200 | 268 210 20 37
15. | W, lbs 29 39 30 3 p)
VERTICAL RADIATOR CONFIGURATION
16. |Ap, sq ft | 623 716 685 53 133
17. | Tg/T, 0.83510.8%5 | 0.835| 0.795| 0.835
18. | A/Ay 0.1371 0.160 | 0.130 | 0.150| 0.122
19. |A, sq £t | 142 |192 148 |13 27
20. |W, lbs 20 28 21 2 4
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The heat exchangers consist of & single helically finned tube,
an inner sleeve, ard an outer sleeve as shown 1ln Figure 47. The finned tube is
coiled around the imner sleeve. The outer sleeve encapsulates the tube and the
inner slzeve. The hot, high pressure fluid flows inside the finned tube and
the cold, low pressure fluid flows outside the tube in the annular space be-
tween the two sleeves. The flow configuration is a combination of counterflow
and crossflow which is thermodynamically very close to pure counterflow.
Aluminum is used as the structural material throughout.

c. Heat Exchanger Program

A fluid to fluid (i.e., liquid to liquid, gas to gas, or gas to
liquid) heat exchanger computer program was developed based upon the effective-
ness - NIU (number of transfer units) approach described in Reference 25. Both
design and performance evaluation cases can be analyzed. In the design case,
the overall core dimensions of the heat exchanger are determined from the de-
sired performance. In the performance evaluation case, the performance is
determined for a specifled design.

For both the design and performance evaluation cases, the
influence of each of the following variables is considered: Flow geometry,
core geometry, and extended surfaces (fins). Any of five flow geometries,
including the "folded" configurations of each may be selected: Parallel fiow,
counterflow, crossflow, multi~-pass cross-parallel-flow, and multi-pass cross
counterflow. Any core geometry for which experimental flow friction and hest
transfer data are available can also be analyzed. Fin effectiveness computa-
tions can be made for rectangular and circular fins.

Fluid thermodynamic and transport properties are accurately
evaluated throughout the range of fluid states, both liquid and gaseous, by
means of a properties subroutine (Appendix G) which incorporates a new, unique
correlation method. Tables of data required for this subroutine have been
compiled for hydrogen and nitrogen thus far.

Several special features with regard to input data have been
ircorporated. These features are a check for possible violations of the
second law of thermodynamics and the ability to analyze the vast majority of
the many alternate combinations of input variables. In the design case,
these combinaticns result from the fact that specifying any five of the
following seven variables suffices to define the problem: The two fluid flow
rates, the inlet and exit temperatures of both fluids, and the heat transfer
rate. For the performance evaluation case, specifying any four of the seven
variables suffices.
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Although the heat exchanger program was lntended to be com-
pletely general, it does have some significant limitations at the present time.
It will not handle change of phase, that 1s, evaporation or condensation. In
order to design the boilers of the prototype system (Heat exchangers numbered
7 and 9), a suitable heat transfer coefficient correlation and pressure drop
equation would have to be incorporated in the program. Furthermore, the proper- \
ties subroutine would have to be modified due to the fact that when it is used :i: f
conjunction with the heat exchanger program, mixed phase states become indeter- ‘
minant. In addition, for the design of tubular heat exchangers, an integer 1
nutber of tubes cannot be specified. Therefore, a trial and error solution is i
used in designing a single tube heat exchanger.

d. Heat Exchanger Sclutions

1. Design Problems

A satisfactory design employing typicel aerospace compact
heat exchanger matrices was not obtained. The conventional plein tubular, multi-
pass cross-counterflow configuration exhlbited a strong tendency toward dlspro-
portionate dimensions. Long flow lengths for both fluids and an extremely short
no-flow length were the result. The long flow lengths, particularly on the hot
side, are due to the combination of high densities and high aveilable pressure
drops. The relatively low flow rates are the primary cause of the extremely
small no-flow length. Since this length determines the frontal area of the
tubes, the result was that only a fraction of one tube could be accommodated.

A number of permutations of the basic design were tried including folding,
additionsl multi-pessing, decreased pressure drop, increased effectiveness,
reduced tube size, and interchanging the inside and outside fluids. Trends
were established but no practical design was achieved. Therefore, it was
decided to investigete heat exchanger'matrices that have been used in very low
capacity terrestrial liguefiers.

2. Finned Tube Heal Exchanger

The five tubing sizes selected for the reliquefier heat
exchangers are listed in Table V. These were obtained from Reference 25. It
vas necessary to consider more than one size of tubing in order to obtain heat
exchanger solutions approachlng an integer number of tubes.

The effect of tube size on the number of tubes required
(for heat exchangers 1 through 6, and 8) is shown in Table VI. No solutions
are avallable for heat exchangers 7 and 9 due to the limitations of the present
heat exchanger progrem. In several cases, & single tube is nearly achieved
with one or another of the five tube sizes. Although it would be desirable
to have a single tube design, multiple tube configurations would be acceptable.
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TABLE V

TUBE SIZES FOR .
PROTOTYPE LUNAR HYDROGEN RELIQUEFIER HEAT EXCHANGERS

Tube Tubing Size Fin Size No. of
Size. Fins
No. | oD (in.) | ID (in.) | Height (in.)| Thickness (in.) |Per Inch

1 0.020 0.010 0.010 0.003 88

2 0.0%0 0.020 0.010 0.003 88

3 0.030 0.020 0.018 0.003 88

4 0.037 0.027 0.018 0.003 56

5 0.046 0.03%6 0.023 0.005 L8
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TABLE VI

TUBE SIZES AND NUMBER OF TUBES REQUIRED FOR
PROTOTYPE LUNAR HYDROGEN RELIQUEFIER HEAT EXCHANGERS

Heat Tube Size
Exchanger
Number 1 e 3 L 5
1 3,331 0.81]0.9% {0.51 |0.31
2 3,05 0.74 { 0.86 | 0.48 10.29
3 3,881 0.94 | 1.09 {0.62 }0.37
4 8.1k | 1.98 | 2.28 |1.26 {0.76
5. 7.89|1.9112.21 |1.22 |0.73
6 2.50| 0.60 0.7 }0.39 j0O.2k
T* - - - - -
8 0.99{ 0.2k [ 0.28 {0.16 | 0.09
; o* -] -- -- -- --

*Boiler cannot be designed by present program.
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TABLE VIT

SIZES AND WEIGHTS FOR PROTOTYPE LUNAR HYDROGEN RELIQUEFIER HEAT EXCHANGERS

Heat
Exchanger 1 2 3 4 5 6 T 8 9
Number

Hot fluid | Hp Ho Ho Ho Ho Ho -Hp No No
Ty, °R 56.6 | 127.0 | 127.0 | 200.0 | 200.0 | 200.0 | 187.6 | 200.0 |187.5
TH,, °R L7.3 ] 75.3 75.3 127.0 | 127.0 | 187.6 | 127.0 | 187.5 |127.0
MH, 1b/hr | 1.25 1.10 1.90 0.99 1.46 0.55 0.55 2.16 2.16
Py,, psia | 150.0 | 1350.0 1350.0 1500.0| 1500.0| 1500.0| 1k20.0| 735.0 |370.0
PHQ, psia | 70.0 | 1000.0{ 1000.0} 1350.0| 1350.0{ 1420.0] 1350.0] 370.0 |6.06
Cold fluid| Hy Hp Hp Ho Ho No No No Ny
Ty °R 4.3 | 52.6 56.6 123.0 | 123.0 | 121.6 | 12%.0 | 121.6 112%.0
Teys °R 52.6 123.0 | 123.0 | 196.0 [ 196.0 | 196.0 | 121.6 | 196.0 {121.6
MC, 1b/hr | 1.25 1.25 1.76 1.25 1.76 1.39 1.39 0.77 0.77
Pcl, psia | 10.0 9.0 150.¢ | 8.0 149.0 | 3.85 L.35 3.85 4, 35
Pée, psia | 9.0 8.0 149.¢6 | 7.0 148.0 | 3.35 3.8 3.35 3.85
Q, Btu/hr | 58.4 [220.6 | 380.4 | 267.7 | 396.9 | 25.9 | 122.9 | 4.k |68.0

Size tube | 3 3 2 2 2 3 1

Number

of tubes 1 1 1 2 2 1 1

Dy, in 0.209 | 0.520 | 0.239 | 1.815 | 0.528 | 0.287 | See 0.233 |See
Note Note

D5, in 0.351 | 0.662 | 0.349 | 1.925 | 0.638 | 0.429 0.%23

L, in 6.660 | 8.682 | 6.ke2 | 3,740 { 11.784| 2,876 2.080

Vv, in’ 0.644 | 2.99 | 0.613 | 10.885] 3.763 | 0.560 0.171

W, 1b 0.0154 | 0.0428| 0.0143{ 0.0534| 0.0524k | 0.0115 0.0039

Note: Heat Exchanger Program camnot handle boiling at the present time.

UNCLASSIFIED




y UNCLASSIFIED
- %f UBITF ... s couvoms Report 6099

CLRINVRATN IS

The best solution, from the standpoint of integer number
of tubes, for each heat exchanger is tabulated in Table VII. The number of
tubes, dimensions, and weights (exclusive of manifolds) are given.

Since it was not possible to achieve exactly an integer
number of tubes for any given tube size, it would have been worthwhile to
determine the effect on performance of rounding off to the nearest number of
tubes. However, the heat exchanger performance program was not opersational at
the time of this study.

The tensile hoop stress in the tube is estimated to be
less than 2360 psi which is well below the 40,000 psi yield strength of
aluminum tubing.

2. Cryogenlc Reliquefier Compressors

a. Compressor Elements

Compressor elements were studied on a general parametric basis.
The three candidate compressor piston types were selected on the basis of zero
internal leakage. The three types were diaphragm, welded nesting bellows, amd
rolling diaphragnm (See Figure 52).

The diaphragm is best from the standpoint of clearance
volume and volumetric efficiency. However, it is limited to short sirckes
and consequently fester cycling or multiplicity of units for a given flow rate.
Figure 48 was developed to cover a layge family of diaphraegm designs. A
NACA report (Reference 26) rzported on substantial testing with ratios of center
deflection to thickness of oaly four. A commercial diaphregm pump manufacturer
uses a ratio of deflection t> thickness of approximately fifteen (15). 1If
the maximum center membrane stress and the outer edge combined stresses are
set at 100,000 psi, then the maximum permissible operating pressure for free
deflection (unrestrained) will be 130 psi as shown in Figure 48. Higher
operating pressures may be used by actuating the diaphregm with a fluid and
by supporting it across its whole surface at the extreme deflectionms.

The welded nested bellows has the advantage of large de-
flections resulting in slower cycling for s given flow rate. Three trial
designs showed that this approach is feasible.

The rolling diaphragm, although commercially available,
mist be kept at warm temperatures because it is msde from an elastomer re-
inforced with fibrous cloth. The deflection capabllity is much greater than
& welded nested bellows. The clearance volume will be greater than for the
other types.
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The conditicns assumed for preliminery design of the compressor
element are: 7 psia and 196°R at inlet; 131 psia and 512°R at outlet. The
hydrogen flow rate is 1.36 lb/hr. This 19 t¢ 1 pressure ratio can be achieved
practically by & one~stage diaphragm element or by & three-stage bellows element.
Therefore, the diaphragm was selected for the preliminary design study.

The parametric diaphragm compressor design data have been
applied to the preliminary selection of hydrogen compressors for a typical hydrogen
reliquefier. The results are applicable to either the hydrogen loop of typical
cascade cycles (for example, & hydrogen-nitrogen cascade cycle) or to dual pres-
sure hydrogen cycles. For the compressor operating between the intermediate and
high pressure levels of the cycle, the double diaphragm compressor concept appears
most suitable. This application is characterized as high pressure-high volume.
For the compressors operating in series between the low and high pressure levels
of the cycle, the most promising compressor design concept differs for the several
compressors. The toroidal diaphregm concept appears to be the best choice for
the first compressor of the series. This application is characterized as low
pressure-high volume. For the last compressor of the series, a high pressure-
low volume application, the conventionel single diaphragm is best suited.

b. Compressor Drive Systems

Three possible methods for the compressor drive are all-mechanical;
mechanical-hydraulic; and all-hydraulic. For all cases, electrical power will be
converted via a motor to hydraulic and/or mechanical power. Schematics of each
‘system are included.

The all-mechanical system (Figure 49) is used in present
commercial diaphragm compressors. It has the advantage of system simplicity.
However, it has highly loaded bearings and the unit becomes heavy when more
than two compressors are driven from the same shaft. All elements must be
integrated into one unit which removes the possibility of remote installations.

Figure 50 shows the mechanical-hydraulic system. The com~
pressors are hydraulically driven and mechanical power ig used for synchronizing
and sequencing the hydraulic servo valves. This system has fewer bearing prob-
lems then the mechanicsl system. It must be an integrated unit. A cursory
study was mede on a 12-inch line length to check pressure surges from the fast
¢cleosing of servo valves., Surges can vary from 100 psi for a 3/h-inch line to
800 psi for a 1/h-inch line. Dynamic analysis 1s required to determine more
accurate values on hydraulic hammer and servo loop stability.

The all-hydraulic system (Figure 51) uses hydraulic power both
for actuation end synchronization. The actuation is accomplished by a continu-
ously reciprocating piston. The pistons are synchronized end sequenced using
shuttle valves in a tumbler-logic circuit. A preliminary design of the actuator,
shuttle valve, and logic circuit has been made to determine its feasibility.

This system has the advanteges of fewer bearings, possibility of remote
instellation, and ease by which the compressor cycling frequency can be varied.
This 18 done by means of a sensing valve which modifies the exhaust orifice
aree of the hydraulic circuit.
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A preliminary investigation of compressor driving fluid was
made. Two types of working flulds can be considered for diaphragm compressors,
namely, incompressible and compressible. Incompressible fluids were found to
require insulation or shielding in order to limit the fluid pressure from in-
creasing beyond structural limits due to high heat flux during the lunar day.
Conpressible fluilds have the advantage of moderate pressure increases during the
lunar day, but they may require more power. Further studies are necessary
before a working fluld can be selected.

¢. Preliminary Compressor Design

A conceptual design layout (Figure 52) of the compressors
was made for a dual pressure hydrogen cycle. There are three compression stages
in the primary loop with & pressure ratio of six to one in each stage. There
is one compression stage in the secondary loop with a pressure ratio of ten to
one. Each compressor is & variation of the basic diaphragm concept, which is
essentially designed to be a zero leekage piston. All of the diaphragms are
fluid driven for uniform force distribution to preclude buckling. A hydraulic
piston actuates the fluid piston to drive the diaphragm elements. The hydraulic
actuator pistons will oscillate continuously at two cycles per second. Bellows
are used with the fluid pistons as a positive seal against externsl leakege.

The most sultable type of diaphragm is used for each com-
pressor. A 10-inch diameter toroidal "bladderphragm'' is used for the first stage
of the primary loop because it has a large (40 cubic inch) cycle displacement
arnd a low stiffness cepabllity at very low inlet pressures. The minimal pres-
sure needed to deflect the J.00L-inch thick 17-7 PH stainless steel toroidal
"bladderphragm’" is advantagzous on the suction stroke when inlet pressure is
very low. Therefore, most of the lnlet pressure can be used to accelerate the
actuating fluid.

A standaril flat diaphragm is best suited for both the second
and third stages of the primary loop because of the high pressures and low
displacements required.

The standard flat diaphragm compressor shown in Figure 53
operates as follows: Consider the piston to be initially at the start of
the compression stroke. The dlaphragm lies on the lower support plate and
both valves are closed. During the compression stroke, the incompressible
driving fluld is forced through the perforated support plate, thereby forcing
the diaphragm to move upward. The high pressure valve is opened at some time
during the compression stroke and it is closed when the diaphragm rests against
the upper support plate. The piston then begins the expansion stroke at some
time during which the low pressure valve 1s opened. At the end of the expansion
stroke, both valves are closed and the above process is again repeated.

The double diaphragm, or bladder concept as shown in the layout
(Figare 52) is best suited for the secondary loop compressor because of the
high pressure and displacement requirements. The hydrogen is compressed
inside the double diaphragm bladder by the actuating fluid on the outside.
Tphe fluid piston for this compressor will have to be of a standard or con-
vencional type because of the high pressure and large displacement. The

UNCLASSIFIED



o UNCLASSIFIED
%r UAIL .. s conoums Report 6099

SKPSORATION

bellows and diaphragms would be made from 17-T7 PH stainless steel or eguivalent
and stressed to 60,000 psi. The conceptual design shown depicts the ballpark
sizes of the compressor elements. For the temperature range of L4OO°R, there
are many candidate fluids that can be used for deflecting the diaphragm such

as  ethyl alcohol, methyl alcohol, Freon, and acetone.

. The choice of a diaphragm type compressor was based on an eval-
uation of the most critical design parameters, namely, internal and external
leakage. These parameters drastically affect overall performance and safety.
Conpressors can be classified into two main categories: positive displacement
and rotary bladed machines. The piston type provides the most promising
approach in the positive displacement category. In the rotary type category,
the multi-stage centrifugal and axial flow machines are possible candidates.
Turbomachinery is used normally in expansion type processes. Gas coampression
with centrifugal or axial flow machinery is presently beyond the present state
of the art and judgment indicsastes that this small mass flow and high pressure
ratio is too stringent for this application.

A preliminary sizing curve shown in Figure 54 for a centri-
fugal compressor application for the first stage in the primary loop reveals the
miniature size required. Using an assumed optimistic pressure ratio of 2.35
per stage, six stages are required in the primary loop and three steges for
the_secondary loop. Reduction of the pressure ratio per stage to l.2 results
in 1 30-stage requirement for the primary loop. Using the value of running clear-
ance equal to 0.001 times the dlameter as the state of the art practical limit,
the diametral leaskage flow alone will be approximately four pounds per hour per
inct of dismeter in the first stage. Using & minimum diameter of 0.50 inch
(Optimistic), the diametral leakage flow alone will be approximately two pounds
per hour which is three orders of magnitude greater than the acceptable limit
for a 1.25 pound/hour total mass flow. Side clearance will increase the total
leskage flow by at least a factor of two. For axial flow compressors, the
blade tip clearance would be 5 x 1077 inches which is impractical since
clearances of less than 1 x 10°* inches are ~onsidered press fits. The diamet-
ral seal effectivity in a centrifugal compressor between the first and second
stages would have to be at least 1000 (seal~effectivity is equal to leakage flow
at 0.001 D clearance divided by leakage flow with seals) whi%h is optimistic.
The side clearances will be of the order of magnitude of 1077 inches or less
which is also impractical for rotating clearances.

The reciprocating piston type is the best candidate for low
flow, high pressure ratio compressors. Diaphragms, toroidal "bladderphragms",
and bladders are essentially pistons with zero leskage. The effect of leakage
on sizing of a conventional piston is shown in Figure 55. A seal effectivity
of 1000 wes essumed for this curve. For an acceptable internal leakage of
0.02 1lb/hr and a practical piston stroke and diaemeter, a seal effectivity of
at least 10,000 is required. The high sealing effectivity requirement coupled
with the long life requirement of a reciprocating seal represents an advance-
ment in the state of the art in seal design. The external seal for these
pistons will heve to be & bellows until an effective, long life, reciprocating

seal can be developed.
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V. EARTH ORBIT RELIQUEFIER CYCLE ANALYSES

A. Cycle Introduction

Joule~Thomson dependent cycles are analyzed for hydrogen and oxygen
earth orbit reliquefiers. In the following discussion, it is assumed the reade.
has read Section III, "General Description of Joule-Thomson Cycles", and Section
IV-A, "Luner Reliquefier Cycle Analyses." The insight gained from these secticns is
used to select or reject certain Joule-Thomson cycles a priori, thus simplifying
the analyses. The operating conditions used in all the cycle analyses are des-
cribed below.

The maximum and minimum rediator exit temperature for earth orbit
reliquefiers is limited by the maximum Joule-Thomson inversion temperature of
the cryogen and the equivalent sink temperature of the environment, respec-
tively. From the earth orbit radiator studles, the maximum equivalent sink
temperature is about 380°R. The minimum radiator exit temperature, therefore,
must be greater than 380°R. The maximum radiator exit temperature must be
less than the maximum Joule~Thomson inversion temperature of oxygen. (The
maximum Joule-Thomson inversion temperature of hydrogen is 360°R,) As a
compromise between the equivalent sink temperature and the maximum inversion
temperature of oxygen, a radiator exit temperature of 4OO°R 1s selected.

Whenever possible, the oxygen and hydrogen reliquefaction rates are
set at 1.43 1b/hr and 1.00 1b/hr, respectively. The oxygen -to- hydrogen re-
ligquefaction ratio of 1.43 is obtained from Section IV-E, "Evaluation of the
Ratio of QOxygen to Hydrogen R:2liquefaction Rates", where it is assumed that
the oxygen and hydrogen are to be used as propellants in a liquid rocket
engine. These reliquefaction rates provide an oxidizer-to-fuel ratio which
yields maximum thrust.

The operating condi:ions employed in all of the cycle analyses are
summarized as follows:

1. Hydrogen reliquefaction rate = 1.00 lb/hr

2. Hydrogen and oxygen storage tank pressure = 10 psia

3. Radiator exit temperature = LOO°R

4. Heat exchanger minimum temperature difference = 4°R
. Compressor isentropic efficiency = 6%

5
6. Radiator pressure drop = %
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i The thermodynamic properties of parahydrogen and oxygen were obtained
i from References 2, 3, 7, and 8. Ideal gas relationships were used when the
vapor properties approached ideal gas behavior and date were unavailable.

B. dydrogen Reliquefier Cycles

Jycles that are wholly dependent upon the Joule-Thomson effect for
cooling may not be used to reliquefy hydrogen. This is because the Joule-Thomsaon
effect of hydrogen vanishes at the radiator exit temperature of 4OO°R. In
order to compere an earth orbit hydrogen reliquefier with other hydrogen re-
liquefiers, a cycle that is not completely Joule-Thomson dependent (i.e.,
employs an expander) was analyzed. Figure 56 shows a Claude-Heylandt cycle
with one stage of compressor intercooling. This cycle requires a net com-
pressor power of 4.31 horsepower.

C. Oxygen Religuefier Cycles

At L4OO°R, oxygen has a substantial Joule-Thomson effect. Therefore,
a s’.mple Joule-Thomson cycle may be employed for oxygen reliquefaction. The
simplest Joule-Thomson cycle is the Hampson cycle, which is shown in Figure JT.
This cycle requires only 0.424 horsepower to reliquefy 1.43 lb/hr of oxygen.
Since the compressor power is relatively small, no further Joule-Thomson
cycle studies were conducted.

D. Hydrogen-Oxygen Reliquefier Cycle

A hydrogen-oxygen reliquefier is a cascade cycle which simultaneously
reliquefies both hydrogen end oxygen. Figures 58, 59, and 60 show several
series cascade cycles which simultaneously reliquefy hydrogen and oxygen.

All of these cycles employ the dual pressure cycle with multi-stage compression
in the hydrogen and oxygen loop. In Figure 58, the hydrogen waste heat is
transferred to the oxygen loop at two locations. The waste heat from the
hydrogen low pressure loop is transferred to the low pressure oxygen vapor
between the two oxygen-oxygen heat exchangers. The waste heat from the
hydrogen intermediate pressure loop is transferred to the saturated liguid
oxygen at the flow separator. The oxygen-to-hydrogen reliquefaction ratio is
fixed at 84.2 and the total compressor power is 43.4 horsepower.

A modification of the preceding cycle is shown in Figure 59. In
this series cascade cycle, the waste heat from the hydrogen low and inter-
mediate pressure loops is transferred to the saturated liguid oxygen at the
flow separator. For this cycle, the oxygen~to-hydrogen reliquefaction ratio
can be varied. The total compressor power required for this cycle, with an
oxygen-to-hydrogen religuefaction ratio of 1.43, is 22 horsepower.
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A series cascade cycle that rejects all of the waste heat from the
hydrcgen loop to the saturated liquid oxygen in the storage tank is shown
in Figure 60. The amount of waste heat transferred from the hydrogen loop to
the oxygen loop is substantially decreased due to the lower hydrogen sink
temperature. However, the oxygen-to-hydrogen reliquefaction ratio is fixed at
52.6 and a total compressor power of 15 horsepower is required.

Substantial reductions in the total compressor power can be obtained
by employing a parallel cascade cycle. The parallel cascade cycle has the
advantage of adding the hydrogen compressor work at a higher temperature than
in & series cascede cycle, thereby reducing the power required to operate the
secondary loop. Figures 61 to 64 show several varieties of parallel cascade
cycles.

Figure 61 shows a parallel cascade cycle employing a Hempson cycle
in each loop. For an oxygen-to-hydrogen reliquefaction ratio of 1l.43, this
cycle requires a total compressor power of 10.35 horsepower. A duasl pressure
cycle 1is employed in Figure 62 in the hydrogen loop and a Hampson cycle in
the oxygen loop. Comparing Figures 61 and 62 shows that the compressor power
is reduced from 10.35 horsepower to 6.67 horsepower. A parallel cascade cycle
employing a dual pressure cycle in each loop is shown in Figure 63. The com-
pressor power 1s increased to 9.8 horseépower. This increase results because
the temperatures at the cold end of the hydrogen-oxygen heat exchanger have
been increased in order to permit intermediate pressure saturated vapor to be
recirculated in the oxygen loop.

The cycle shown in Figure 64 employs the same temperatures at the
cold end of the hydrogen-oxygen heat exchanger as in the cycle shown in
Figure 62. However, it does not employ & "true" dual pressure cycle in the
oxygen loop. The flow separator in the oxygen loop does not separate saturated
vapor and saturated liquid. It merely recirculstes s portion of the total
mass flow so that an oxygen religuefaction rate of 1.43 1b/hr can be obtained.
The total compressor power required for this cycle is 6.54 horsepower, which
represents about the minimum power required to simultaneously reliquefy hydrogen
and oxygen at these operating conditions.

E. Preliminary Analyses of an Earth Orbit Space Radiator

An orbiting fuel storege tank may be necessary for refueling space
vehicles for deep space missions. In order to eliminate the fuel boil off
losses, a reliquefaction system, and hence a space radilator, is required.

As discussed in Reference 1, the varlation of equivalent sink tem=-
perature gives an indication of the upper and lower bounds of radiator per-
formance. The purpose of this analysis therefore, 1s to determine the maxi-
mum variation of the equivalent sink temperature. The conditlions employed
in this analysis were as follows: '
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1. Deep space temperature (TO) = 20°R
2. Black body temperature of earth (Reference 27) (Tj) = L50°R
3, Radiator surface emissivity (eR)\= 0.9
L. Emissivity of deep space (eo) = 1.0
. Gray raediator surface

5
6. No reflected or emitted radiation from space vehicle incident
upon radiator

7. Space radiastor located in earth's shadow
8. Orientation of radiator with respect to earth fixed

Figure 65 shows the radiation network for a resdiator surface perpen-
dicular to the surface of the earth. The thermal conductances shown are based
upon a unit projected area. Simplification of the radiation network 1is obtained
by successive use of the wye-delta trensformation (Reference 16). The equiva-
lenc thermal conductance per unit area 1s constant and egual to twice the
radiator surface emissivity. By the same analysis as in Reference 1, the
equlvalent sink temperature can be shown to be

L 4 L
Tg = Fs T5 +F T | (1)

Figure 66 shows the radiaition network for e radiator surface parallel
to the surface of the earth. The description of this network is the same as
that described above, where agaln the equivalent thermal conductance per unit
area is constant and equal to twicz the radlator surface emissivity. The
equivalent sink temperature is

L4 Y L
Tp = 1/2 Fs Ty + (1 + Fl) T (2)

Equations (1) and (2) are shown as a function of altitude in Figure 67, wherein
the view factors were obtained from Reference 28.
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VI, PARTIAL RELIQUEFIER

A. Analysis of Partial Hydrogen Reliquefier Utilization

In the following analysis, the total mass of hydrogen and associated
equisment which must be transported to the moon (or any other destination) to
supply a given mass of hydrogen is minimized with respect to the following two
variables: The mass of boil off hydrogen vapor reliquefied and the mass of
storage tank insulation employed. Only that portion of the total mass which
is influenced by these two variebles need be considered in this minimization.
This portion 1s hereafter referred to as the total variable mass and is equal
to the sum of the mass of the boil off hydrogen lost, the incremental mass
of the transport tenk required to carry a mass of hydrogen equal to the boil
off loss, the mass of the storage tank insulation, and the mass of the partial
hydrogen reliquefier (including all mass chargeable to the reliquefier).

M= + M + M +M (1)

The incremental transport tank mass is assumed to be directly proportional to
the additional mass of hydrogen which must be transported to the moon to offset
the boil off losses.

My = 0% (2)

Substituting for the incremen:al transport tank mass in Equation (1) by means
of Equation (2),

M=(l+Cl)Mb+Mi+Mr (3)

The mass of boil off hydrogen lost ls equal to the boil off rate times the
duration of hydrogen storage. (Since substantial differences in environmental
conditions exist between the lunar night and the lunar day, all mass flow rates
and heat transfer rates should be considered to be time averaged values.)

M, = mS ()
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Substituting for the mass of boil off hydrogen lost in Equation (3) by means of
Equation (4),

M=(l+Cl)mb9+Mi:+Mr (5)

Defining the partial reliquefier specific mass (R) as the mass of the partial
reliquefier in 1b per Ib/hr of hydrogen reliquefied,

Mr (6
R =—= )
ny
Substituting in Equation (5) for the partial reliquefier mass by means of
Equation (6),
M=(1+ Cl) mbe + Mi + Rmr (1)

In the absence of a partial reliquefier, the boil off loss rate is
proportional to the heat transfer rate to the hydrogen. The vast majority of
the thermal resistance to this hea: transfer is that assoclated with the tank
insulation. As a result, the heat transfer rate and the boil off loss rate
are very nearly inversely proportional to the thickness and therefore to the
mess of the insulation.

C

* 2

™ = W (8)
i

where C, is dependent only upon the tank thermal environment, the tank
geometry, and the type of insulation employed.
The boil off loss rate is by definition

*

m, = Fm (9)

where P is the boil off fraction and 1s considered a constant in this analysis.
The boil off fraction is limited by the thermodynamics of the partial re-
liquefier and of the compressors and expenders.
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The partial hydrogen reliquefaction rate is then
=(1-F)m (10)
M, = - )

Substituting Equations (8), (9), and (10) into Equation (T),

=
1
=

[eF(l + cl) + R(1 - F)

+ M, (11)
. 1
1

For a system without a partial religuefier, the boil off fraction is
equal to unity and the total variable mass is

C2
M= {e(1+cl)

: + M, (12)

The total mass transported can be reduced by the application of a
partial reliquefier provided that

eF(1 + cl) + R(1L -F) <o(1+ cl)
R(1 - F) <81 + cl) (L~ F)
R<8(1+¢) (13)

This result is identical to the result for a total reliquefier, i.e., Equation
(10) of Appendix B, p 68, Reference 1.

The minimum total mass system with & partial reliquefier is obtained
by minimizing the total variable mass of a partial reliquefier (Equation 11)
with respect to the insulation mass.
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c
gﬂ-=0=-2[6F(l+C)+R(l-F)‘ +1 (14)
aM, }: 1 )
Solving Equation (1k4) for M, 5
1/2
‘ M, = '02[6F (l+Cl)+R(l-F)]] / (15)
1

Substituting for the mass of tank insulation in Equation (11) by means of
Equation (15) yields the minimum total mass for a partial reliquefier.

min-pr

1/2
M =2 \CQ[GF(1+Cl)+R(l-F)]] (16)

The following results are applicable for a minimum tctal mass system
Yi;h“a p?rtial reliquefier. The mass of hydrogen boll off is, from Equations -
8) ind (9),

F029

M= Fm.b 8 = —— (17)

i

Substituting for the mass of tank insulation in Equation (17) by means of
Equation (15)

Mb—FCG\ [9F(l+C)+R(l-F)]] (18)
The mass of hydrogen reliquefied is, from Equations (6), (8), and (10),
= Ru_ = R(1 * °2
M, = Ru_, =R -F)m.D::R(l-F)-Ng (19) y
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Substituting for the mass of tank insulation in Equation (19) by means of
Equation (15),

-1/2
M, = RC, (1 - F) [02 [eF(l +C) +R(1 - F)]} (20)

The incremental tank mass is, from Equations (2) and (18),

-1/2
M, = C,F C,8 ICQIGF(l + cl) + R(1 - F)]] (21)

The minimum total mass, insulation mass, boil off mass, and incremental
tank mass for a system without a partial reliquefier may be obtained in a similar
menner. The results are given in Reference 1, Appendix B, p 65, Equations (17)
to (20). These are

1/2
v = [cae (1 + cl)] (22)
1/2
Mogn = 2 {029 (1 + Cl)l (23)
C,8 1/2
M, l'i"T?:'l'l (24)
C.9 1/2
4 = °1\ T (23)
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B. Partial Reliquefier Cycle Analyses

L partial reliquefier is defined as & reliquefier which utilizes a
portion of the boil off flow as a heat sink. This'means, of course, that a
space radiator is not required. Hydrogen and oxygen partial reliquefiers
employing Coule-Thomson cycles (with and without exparders) are analyzed herein.
There are three types of partial reliquefiers, namely, externally powered,
self-powered, and space power unit (SPU) powered. An externally powered partial
reliquefier requires power external to the propellant system to operate the
compressors. A self-powered partiel reliquefier requires no external power to
operate the compressors. The expander power is balanced with the compressor
power. An SPU powered partial reliquefier employs an SFU to supply compressor
power, where the SPU is an internal combustion space power unit.

The primary obJective of the cycle analyses is to reduce the boil off
rate leaving the propellant system. This boil off rate is expressed as a
fraction of the boil off rate which would exlst in the absence of a partial
reliquefier. This 1s hereafter referred to as the boil off fraction (F), which
1s defined as the ratio of the net system boll off rate to the sum of the net
system boil off rate plus the reliquefaction rate. For example, if the net
system boil off rate were 0.8 1b/hr and the religuefaction rate were 1.0 1b/hr,
the boil off fraction would be

0.8 1b/hr _
0.8 T5/hr + 1.0 1o/mr = OriMH

Therefore, by definition the system boil off is reduced by one minus the boil
off fraction (1 - F).

All of the cycle analyses discussed in this section were based on an
oxygen-to~hydrogen reliquefaction rate of 1.43 lb/hr and 1.00 Ib/hr, res-
pectively. The ratio of oxygen-to~-hydrogen reliquefaction rates of 1.43 was
obtalned from Section IV-E, "Evaluation of the Ratio of Oxygen to Hydrogen
Reliquefaction Rates", wherein it was assumed that the oxygen and hydrogen are
to be used as propellants in a liquid rocket engine. The above reliquefaction
ratio provides an oxidizer-to-fuel ratio that yields maximum thrust.

Two hydrogen storage conditions were employed. These were storage
pressures of 10 psia and 37 psia. Storage at 10 psia corresponds to lunar
and earth orbit conditions, and a storage pressure of 37 psia coincides with
the lower regulator setting on the hydrogen tank of the Saturn S-IVB stage.
Oxygen storage was at 37 psis only.
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The operating conditions employed in all of the partial reliquefier

Hydrogen storage tank pressure = 10 psia and 37 psia

Oxygen storage tank pressure = 37 psia

Hydrogen reliquefaction rate = 1.00 1b/hr

Oxygen reliquefaction rate = 1.43 1b/nr

Compressor and expander isentropic efficiency = 65%

Heat exchanger minimum temperature difference = 4°R

13.

SPU specific propellant consumption = 1.25 1b/hp-hr

SPU oxidizer-to~fuel ratioc = T.0
SPU inlet pressure = 36 psia
SPU exit pressure = 5 psia

SPU inlet temperature = 196°R
SPU exit temperature = 1T60°R

SPU heat rejection rate per horsepower = 1.5

The thermodynamic properties of parahydrogen anmd oxygen were obtained

from References 2, 3, and 4.

approached ideal gas behavior and data were unavailable.

Ideal gas relationships were used where the vapor

It 1s recommended that Section III, "General Description of Joule-
Thomson Cycles", be read before proceeding with the following detailed dis-

cussion of cycle analyses.

with the thermodynamics of Joule-Thomson cycles.

C. Mrogn Reliquefier Cycles

Externally Powered Cycles
The simplest partial reliquefier cycle is shown in Figure 68. It

L.

This discussion assumes that the reader is familiar

is a Hempson cycle using saturated vapor directly from the storage tank as the

heat sink. The compressor power and boil off fraction are 0.4%56 HP and 0.%78,

respectively.
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The boil off heat sink stream can perform additional cooling by also
passing through the low temperature heat exchanger. This cycle (Figure 69)
reduces the compressor power and boil off fraction to 0.382 HP and 0.5k2,
respectively. The variation of boil off fraction and compressor power with
compressor inlet temperature for this cycle is shown in Figure 70. Increasing
the compressor inlet temperature and pressure ratio reduces the boill off fraction
and increases the compressor power. The cycle with the minimum boil off fraction
for the range of compressor inlet temperatures considered 1s shown in Figure Tl.
This cycle requires 1.31 HP and has a boil off fraction of 0.500.

The compressor power required for the cycle shown in Figure Tl
can be substantially reduced by reducing the compressor pressure ratio. This
can be accomplished as follows. First, multi-stage compression with inter-
cooling can be employed. This cycle (Figure T72) reduces the compressor power
to 0.92 HP but increases the boil off fraction to 0.653. Second, the compressor
inlet pressure can be increased with the exit pressure held constant. This
cycle (Figure 73) reduces the compressor power to 0.T63 HP and reduces the boil
off fraction to 0.497. These results indicate that it is desirable to have as
high a compressor inlet and exit pressure as is possible. A high compressor
exit pressure yields a high compressor exit tempereture. This temperature
sets the upper limit on the temperature increase of the boll off heat sink
stream through the high temperature heat exchanger. The high compressor inlet
pressure, coupled with a high compressor exit pressure, maintains a relatively
small compressor pressure ratio aml consequently, a relatively small compressor
power.

Increased cycle performance can be cbtained by employing exparders.
Figures T4, T5, and T6 are besically the same cycle as that in Figure T3 except
thet expanders are employed. In Figure T4, the boil off heat sink stream is
expanded to & lower temperature and pressure before cooling the high density
hydrogen vapor. The boil off fraction and net cycle power are reduced to O.U472
and 0.682 HP, respectively. Further reductions in the boil off fraction and
net cycle power can be obtained by expanding the high density hydrogen vapor be=-
tween the heat exchangers. This cycle (shown in Figure 75) reduces the heat
load in both heat exchangers, thereby reducing the boil off heat sink stream
rate. The boil off fraction and net cycle power are reduced to 0.408 and 0.516
HP, respectively. In Figure 76, one stage of reheat is employed in the boil
off heat sink stream. The boil off fraction and net cycle power are further
reduced to 0.357 and 0.397 HP, respectively.

The expansion valve 1s not replaced by an expander because an

isenthalpic expansion is very nearly isentropic for saturated liquid hydrogen
at 60 psia. The result is no improvement in cycle performence.
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In Figure 77, part of the boil off is expanded directly to a
lower temperature and pressure and is then used to liquefy the remaining boil
off. An expander exit pressure equal to the triple point pressure of para-
hydrogen 1s employed in order to avoid expanding into the solid-vapor region.
Since only an expander is employed in this cycle, power is produced. The
boil off fraction and expander output power are 0.728 and 0.0643HP per 1b/hr
of' hydrogen reliquefied, respectively. The boil off heat sink stream, however,
still may be used for additional cooling. Therefore, combining this cycle
with the Hampson cycle shown in Figure T3 will result in a net cycle perfor-
mance better than that of each cycle operating separately. This cycle is
shown in Figure 78 and it has a boil off fraction of 0.420. The net cycle
power 1s 2.03 HP per 3.75 1b/hr of hydrogen reliquefied which is equivalent
to 0.542 HP per 1b/hr of hydrogen reliquefied. In Figure 79, the boil off
heat sink stream is again expanded before entering the high temperature
heat exchanger. The boil off fraction is reduced to O.41l4 and the net
cycle power 1s 2.02 HP per 3.84 1b/hr of hydrogen reliquefied which corres-
ponds to 0.526 HP per 1b/hr of hydrogen reliquefied. In Figure 80, one stage
of expander reheat is employed in the boil off heat sink stream. The boil
off fraction is reduced to 0.394 and the net cycle power is 2.0 HP per 4.19
1b/hr of hydrogen reliquefied which corresponds to O.4T7 HP per 1b/hr of hydro-
gen reliquefied. The boil off fraction can be substantially reduced by
expanding the high density hydrogen vapor, thereby reducing the heat load
across the three high temperature heat exchangers. This cycle is shown in
Figure 81 wherein the boil off fraction is 0.345 and the net cycle power is
2.00 HP per 5.16 lb/hr of hydrogen religuefied. This net cycle power is
equivalent to 0.387 HP per lb/hr of hydrogen reliquefied.

A Joule-Thomson cycle which employs an expander and external heat
addition is shown in Figure 82. Adding heat before the expander has the
potential advantage of reducing the boil off fraction and net cycle power.

In Figure 82, part of the high pressure vapor is first heated to a higher tem-
perature by external heat additlon and it is then expanded to a lower tempera-
ture and pressure. The low pressure vapor is then used to cool the remaining
high density vepor in a counterflow heat exchanger. Employing a compressor
pressure retio of 41.6 results in a boil off fraction of 0.531, a compressor
power of 1.550 HP, and an expander power of 0.833 HP. For this cycle, the
variation of compressor and expander power with boil off fraction for a
constaent compressor pressure retic of 41.6 is shown in Figure 83. The
minimum and maximum boil off fractions are limited by no external heat addi-
tion and the maximum heat addition possible, respectively. It can be seen
from Figure 83 that the expander power will never equal the compressor power.
The variation of boll off fraction with compressor pressure ratic for & cycle
similar to that in Figure 82, but with no externsl heat addition, is shown in
Figure 84, The compressor pressure ratic is varied between 16.7 and 4l.7,
where the minimum boil off fraction is 0.433 for a compressor pressure ratic
of about 29. The cycle with the minimum boil off fraction (Figure 85) has a
compressor power of 1.16 HP and an expander power of 0.616 HP.
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2. ©Self-Powered Cycles

A self-powered cycle balances the expander power with the com-
pressor power. The limiting factor in these cycles is the expander power,
i.e., the expander power is usually less than the compressor power. The
expander power can be increased by edding heat to the working fluid before
it enters the expander.

The simplest heat sddition cycle is shown in Figure 86. Part
of the boil off is first heated to a higher temperature by external heat
addition and is then expanded to a lower temperature and pressure. The low
pressure vapor is then used to liquefy the remaining boil off. An expander
exit pressure equal to the triple point pressure of parahydrogen is employed
in order to avoid expanding into the solid-vepor region. The power output
of the expander 1s equal to the compressor power. With a compressor pressure
ratio of 50, a boil off fraction of 0.546 1s obtained. For the cycle in
Figure 86, the boil off fraction varies with the compressor pressure ratio
as shown in Figure 87. No external power is required for compressor pressure
ratios between 3.51 and 30, The minimum boll off fraction for a balanced
power system is 0.546 with a compressor pressure ratio of 30.

The minimum boil off fraction for an externally powered partial
reliquefier is shown in Figure 8lL. Therefore, the minimum boil off fraction
of a self-powered partial reliquefier can be obtained by using a similar
cycle. Figure 88 shows the same cycle as Figure 81 except an expander with
external heat addition is added. In order to balance the compresscor power,
1.375 1b/hr of superheated hydrozen vapor is passed through the expander
and also 884 Btu/hr of heat is alded. The boil off fraction is 0.443.

Figure 89 shows the variation of boil off fraction with compressor pressure
ratio. The minimum boil off fraction is 0.4LOL with a compressor pressure
ratio of 28. This is the minimum boil off fraction obtained in a self-
powered partial reliquefier at the stated operating conditions.

3. Space Power Unit Powered Cycles

Joule-Thomson cycles for SPU powered partial reliquefiers are
shown in Figures 90 and 91. These cycles employ & hydrogen=-oxygen SPU and
expanders as the sources of power. The cycle shown in Figure 90 is the
same as that in Figure 76 except that an SPU is added. To balance the
compressor power, 0.062 1b/hr of superheated hydrogen vapor is diverted from
the system for the SPU. The heat rejected by the SPU is absorbed by the
boil off heat sink streem. The boil off fraction for this cycle is 0.381.
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The boil off fraction can be further reduced by adding an SHU
to the cycle shown in Figure 81. The cycle in Figure 81 represents the
minimum boil off fraction that can be obtained in an externally powered
partial reliquefier. To balance the compressor power, 0.3 lb/hr of super-
heated hydrogen vapor is diverted from the system for the SPJ. The heat
rejected by the SPU is absorbed by the boil off heat sink stream. Comparing
Figures 90 and 91 shows that the boil off fraction is reduced to 0.369. At
these operating conditions, this cycle yields the minimum boil off fraction
for an SPU powered partial reliquefier.

D. Oxygen Reliquefier Cycles

1. Externally Powered Cycles

The cycle shown in Figure 92 is similar to that in Figure 82
except that the expander between the heat exchangers is deleted. Heat is
added to the expander at a rate of 46 Btu/hr which results in a net cycle
power and a boil off fraction of 0.00473 HP and 0.615, respectively.

2. Self-Powered Cycles

The cycle shown in Figure 93 is similar to that in Figure 86
except that oxygen is used as the working fluid instead of hydrogen. An
expander with external heat addition is employed to balance the compressor
power. Heat is added to the expander at a rate of 30.8 Btu/hr and the boil
off fraction is 0.591l. The variatior of the boll off fraction with com-
pressor pressure ratio is shown in Fizure 94%. The minimum boil off fraction
1s 0.587 at a compressor pressure ratio of about 27.

3. Space Power Unit Powered Cycles

An SPU powered partlael oxygen reliquefiler is shown in
Figure 95. This cycle is similar to thaet shown in Figure T9 except that
an SPU is added to balance the compressor power. The waste heat from the
SPU is absorbed by the boil off heat sink stream. The SPU requires 0.332
1b/hr of superheated oxygen vapor to balance the compressor power. The
boil off fraction is 0.517.
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VI, CONVERTER-RELIQUEFIER

A. Introduction

One method of eliminating hydrogen boil off in a storage tank is to
employ a converter-reliquefier. A converter-reliquefier is advantageous
because it eliminates the need for a space radiator since the wast heat from
the refrigerator is used to convert parahydrogen to orthohydrogen. For this
study, the maximum performance of a reversible converter-reliquefier was first
determined. The results showed that it is feasible for storage durations less
than 4685 hours for a 20-foot diameter storage tank. Since the reversible

converter-reliquefier is feasible, several irreversible converter-reliquefiers
were therefore analyzed.

B. Converter-Reliquefier Operation

The reversible converter-reliquefier shown in Figure 96 operates
as follows: The reversible refrigerator reliquefies the ssturated para-
hydrogen vapor by absorbing heat (Q ) from it and rejecting heat (Q ) to
the heat sink (converter heat exchafiger). The converter absorbs heat (gﬁ)
in the converter heat exchanger and rejects heat to the storage tank. is
is accomplished by first heating saturated parahydrogen vapor (State Point 1)
in the counterflow heat exchanger and then converting it (State Point 2) to
a para-orthohydrogen mixture (State Point 3) by means of a catalyst in the
converter heat exchanger. This conversion process is isothermal and endo-
thermic and can therefore be used as a heat sink for the reversible refrig-
erator. The para~orthohydrogen mixture is then cooled to the storage tank
temperature (State Point 4) in the counterflow heat exchanger. The net
result is the reliquefaction of perahydrogen vapor and the gradual transforma-
tion of parshydrogen to orthohydrogen in the storege tank.

The second law of thermodynamics 1s not violated in this system.
The continuous absorption of heat from the storage tank and the resulting
parahydrogen reliquefaction without any heet being rejected to the environ-
ment does violate the second law. This system 1s not operated continuously,
however. It is limited by the time it tekes for the initial mass of para-
hydrogen to be converted to orthohydrogen.

C. Converter-Reliquefier Application

The maximum performance of a reversible converter-reliquefier
indicates that operation is feasible for short storage durations. The
maximum refrigeration is estimated from the data of Table VIII and Figure
97. For a converter heat exchanger temperature of 126°R, the refrigeration
produced is about the maximum, i.e., 37.478 Btu/lb. Combining the hydrogen
storage data from Reference 1 for a 20-foot dlameter tank with the data in
Teble VIII (compiled from Reference 30) yields the meximum storage time
possible.
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TABLE VIII

THERMODYNAMIC DATA FOR REVERSIBLE ISOTHERMAL CONVERTER-RELIQUEFIER

Q & & T | & [ €]
Conversion Entg?lpy gg:;i:::ix (Wote 2) | (Note 3)
Temperature Conversion Pa rah;grogen

SR O B PP T

(°R) (Btu/1b) (Btu/1b) | (Btu/1b)

18 302.36 1.00000 - -- —

% 302.3%6 0.99821 0 0 0

54 302.%6 0.97021 0.02800 8.466 5.64k4

72 302.35 0.88727 0.1109k 33,543 16,771

90 302.19 0.T7054 0.22767 68.799 27.520

108 301, bl 0.65569 0.34252 103.249 | 34,416

126 299.28 0.55991 0.43830 131.174 | 37.478

1k 294,79 0.48537 0.51284 151.180 | 37.795

162 287.23 0.42882 0.5693%9 163.546 | 36.343

180 276.28 0.38620 0.61201 169.086 | 33.817

216 245,06 0.32959 0.66862 163.852 | 27.309

270 184.98 0.28603% 0.71218 131.739 | 17.565

360 93.9% 0.2597h 0.73847 69.364 | 6.9%

450 40.45 0.2526k4 0.74557 30.158 | 2.413

540 15.81 0.25072 0.T4Th9 11.818 0.7878

630 5.85 0.25019 0.74802 4,376 0.2917 .

720 2.10 0.25005 0.74816 1.571 0.0786
Note:

1. Storage tenk temperasture, T, = 36°R

2. Q= A2 (hoptno - Ppara) = (3 x Q"- .
3, Q= @ (Ta/Tb) for reversible cycle = C‘j} X %°R
4., Data from Reference 29 @
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Assuming that the composition of parahydrogen in the tank remains
constant, the maximum amount of refrigeration produced is

Q = (37.478 Btu/1v) (18,610 1b) = 697,466 Btu
where 18,610 1lbs is the mass of parahydrogen in e 20-foot diameter storage tank.

The heat absorbed by a 20-foot diameter storage tank with a re-
liguefier at the lunar equator in one earth year is

Q, = (197 Btu/1b) (2200 1bs) (2200/753) = 1,266,221 Btu

where
197 Btu/lb = Heat of vaporization of parahydrogen at 15 psia
2200 1lbs = Boil off mass of a system without a reliquefier in
one earth year
2200/753 = Insulation mass ratio for a storage system without a

reliquefier to one with a reliquefier

Therefore, the storage time (1 earth year = 8505 hours) is

8505 X
%
697, 466
= 8505 (T-3g%z51)
= 4685 hours
D. Converter-Religuefier Cycle Analyses

Since a reversible converter=-religuefier is feasible for a short
storage duration, several irreversible cycles were analyzed. These analyses
were based upon the assumption that the percentage of parshydrogen in the

storage tank remain constant at 99.821%. In addition, the following operating
conditions were employed:
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1. Parahydrogen reliquefaction rate = 1 lb/hr
2. Heat exchanger minimum temperature difference = 4°R
3. Compressor isentropic efficiency | = 65%
4. Conversion ~»fficiency = 90%

The thermodynamic properties of parahydrogen were obtained from
References 2 and 3.

Also, 1n all of the following cycles, a pump is required in the
converter to increase the para-orthohydrogen pressure to the storage tank
pressure. To simplify the analyses, however, the pump hes been deleted. The
power required to operate the pump is assumed to be offset by the conservative
value for the heat of conversion based upon the minimum conversion temperature.

Figures 98 to 101 show several cycles employing a minimum conversion
temperature of 126°R. The cycle shown in Figure 98 employs & Hampson cycle
with one stage of intercooling in the refrigerator. The storage tank pressure
is 15 psia and the maximum compressor exit pressure is 1500 psia. This cycle
requires 1.345 HP to reliquefy 1 Ib/hr of parahydrogen. Reducing the maxi-
mum compressor exit pressure to 70O psia (Figure 99) increasses the compressor
power to 1.92 HP. This is because the reduction in the amount of Joule-
Thomson cooling more than offsets the effect of a reduction in the compressor
pressure ratio. This effect can be circumvented by increasing the storage
tank pressure rather than decreasing the compressor pressure ratio. In
Figure 100, the storage tank pressure is increased to 30 psia and the maxi-
mum compressor exit pressure is 1500 psia. Comparing Figures 98 and 100
shows that increasing the storage tank pressure from 15 to 30 psia reduces
the compressor power from 1.345 HP to 1.03 HP, respectively. In addition,
employing a dual pressure cycle in the refrigerator will further reduce the
compressor power. This is accomplished by circulating only a small portion
of the total mass flow in the low pressure loop where the Joule-Thomson cooling
is negligible and recirculating the majority of the flow in the high pressure
refrigeration loop. In Figure 101, a dual pressure cycle is employed in the
refrigerator and the maximum compressor exit pressure remained constant, i.e.,
1500 psia. The compressor power is reduced to 0.927 HP.

In Figures 102 and 103, the minimum conversion temperature is re-
duced to 108°R. The maximum compressor exlt pressure and storage tank
pressure are 1500 psie and 30 psis, respectively. In Figure 102, a Hampson
cycle with one stage of intercooling 1s employed in the refrigerator. Com-
paring Figures 100 and 102 shows that reducing the conversion temperature from
126°R to 108°R reduces the compressor power from 1.03 HP to 0.72 HP. Employing
a dual pressure cycle in the refrigerator (Figure 103) reduces the compressor
power further to 0.684 HP.

UNCLASSIFIED




UNCLASSIFIED

"y
- m{?, Ua'df VAN NUYS. CALIPOANIA Report 6099

CTRITATNS

In Figure 104, the minimum conversion temperature is further reduced
to 90°R. A Hampson cycle with one stage of intercooling is employed in the
refrigerator, where the maximum compressor exit pressure and storage tank
prassure are 1500 psia and 30 psia, respectively. Comparing Figures 102 and
104 shows that reducing the conversion temperature from 108°R to 90°R
further reduces the compressor power from 0.72 HP to 0.457 HP.

Figures 100, 102, and 104 show that reducing the conversion tem-
perature reduces the total compressor power. This is because the Joule-
Thomson effect increases with decreasing temperature. As the Joule-Thamson

effect increases, the mess flow rate, and consequently the compressor power,
decrease. '
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VIII, CONCLUSIONS

The following conclusions are based on the studies reported herein:

1. For lunar storsge periods of the order of one earth year, the

total mass which must be transported in order to supply a given mass of
113uid oxygen can be reduced by the use of an oxygen reliquefier.

2. Night only operation of an oxygen reliquefier at a lunar
equatorial site is both desirseble and feasible and permits the use of a com=
paratively simple reliquefier cycle.

3. A hydrogen-nitrogen dual pressure parallel cescade cycle and
a Hampson cycle are the most practical cycles for lunar hydrogen and oxygen
reliquefiers, respectively.

k. A vertical rediator is best for a lunar reliquefier because
it hes better heat transfer performence and consequently less weight than
an equivalent horizontal rediator. In addition, it is less susceptible
to meteorold damage.

5. BSingle pass, counter-crossflow, finned tube heat exchangers
are the most practical for lunar hydrogen reliquefiers.

6. Positive disylacement compressors are the most feasible for
lunar hydrogen religuafiers.

T. A Claude-Heylandt cycle and a Hampson cycle are the most
practical cycles for earth orbit hydrogen and oxygen reliquefiers, res-
pectively.

8. It is feesible to simultanecusly reliquefy hydrogen and
oxygen in an earth orbit reliquefier.

9. For particular propellant storage applications, partial re-
liquefiers can substantially reduce the boil off losses and, in addition,
can be self-sustaining.

10. Ortho-~perahydrogen conversion can be applied to specific hy-
drogen reliquefier epplications.

1l. The performance of a hydrogen partial reliquefier can be

improved by employing an ortho-perahydrogen conversion catalyst in the
heat exchangers.

FRICEDDIG PAGT DLAN NOT FILMED

PR v F R AN

UNCLASSIFIED

- Tl -




y UNCLASSIFIED
%r(]uam’f Report 6099

CORIORATION

This page intentionally left blank

UNCLASSIFIED

-T2 -




UNCLASSIFIED
%rquam’f vaw NuYS. CauromNIA Report 6099

JRIVRITNN

IX, RECOMMENDATIONS

Based on the results of the studies reported herein, the following
recommendations are made:

A. Lunar Reliquefiers

l. A comprehensive off-design study of religuefier cycles and com-
ponents should be made to determine performance limits.

2. The heat exchanger digital computer program should be modified
to handle mixed phase states for design of heat exchangers for reliquefiers.

3. The properties subroutine program should be expanded to handle
other propellants besides hydrogen and nitrogen.

4. Rediator optimization studies should be made teking into account
such factors as view parameters, distribution of radiastion shields, trade-off
between rediator weight and shield weight, and meteoroid protection.

5. A development plen should be established for reliquefier criti-
cal components.

6. A state of the art survey should be made of auxiliary reliquefie¢r
compo?ents such as valves, flow splitters, and flow separators (1iquid-vepor
split).

: T. Other applications for reliquefiers at a lunar site should be
studied. These include slush hydrogen, propellant transfer, and tank strati-
fication.,

B. Earth Orbit Reliquefiers

1. Religuefier cycle studies should be expanded to include Joule-
Thomson cycles with expanders, partial reliquefier cycles, amd converter-
reliquefier cycles.

2. A comprehensive off-design study of reliquefier cycles and
components should be made to determine performance limits.
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C. Partiel Reliquefiers

1. Optimization studies of a reliquefier cycle should be made taking
into account such factors as catalytic conversion, balanced power, compression-
expansion combinations, elimination of bolling and condensing in heat exchangers,
and component sizes and weights.

2. A comprehensive off-design study of reliquefier cycles and com-
ponents should be made to determine performance limits.

5. Preliminary comvonent designs ani a system layout should be made
for an optimized partial reliquefier cycle.

4. A development plan should be established for reliquefier critical
components.

5. Criticel components (compressor-expander and heat exchanger)

should be designed, fabricated, and experimentally evaluated to determine
their performance for application to reliquefiers.
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FIGURE 25. Schematic of a Hydrogen-Nitrogen Parallel Cascade Cycle
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FIGURE 68. Schematic of Externally Powered Open Loop Hampson Cycle
with Direct Boil Off Heat Sink
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FIGURE 69. Schematic of Externally Powered Open Loop Hampson Cycle
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FIGURE 72. Schematic of Externsglly Powered Open Loop Hampson Cycle
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FIGURE T73. Schematic of Externally Powered Open Loop Hampson Cycle
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with One Expander
325-127

UNCLASSIFIED

-15“-




THE ’
. %r(

Uafdl VAN NUYS. CALIFORNIA

UNCLASSIFIED

325-128

FICURE T5.

with Two Expanders

UNCLASSIFIED

Report € ©¢C
1OV RATION .
BOIL - OFF FRACTION = 8.408
NET CYCLE POWER = 0.515 HP
0.692 LB/HR
0.50_PSIA
10 664 R
2240 BYU/LB
N 1505 _PSIA
T T3] 668 7R
2295 BTU/LB
HEAT S
EXCHANGER A i § COMPRESSOR
1500 PSIA
1067 BTU/LB 119 R
67 296 BTU/LB i
AN
L 1.097 LB/HR
EXPANDERS
- el
110 pSIA |5 2136 PSIA
228 R O—»- 196 R
637 BTU/LB 525 BTU/LB
Y  Hear ‘
EXCHANGER
1137 PSIA
A H37 P
ﬁg e 6 L3 °R
-78 BTU/LB 88 BTU/LB
EXPANSION VALV
1.097 LB/HR
43 "R ?7
-78 BTU/LB
37 PSIA T8 ]
¥3 'R e ,J
-94 BTU/LB 1
. SAY, LIQUID . LB,HRf’L
HYDROGEN TANK

Schematic of Externally Powered Open Loop Hampson Cy~le



%r

UNCLASSIFIED

Uardl VAN NUYS. CALIPORNIA |

Report 6099

YICRATIHN

0.554 LB/HR

0.05pS1A I_

BOIL-OFF FRACTION = 0.357
NET CYCLE POWER = 0.397 WP

13 664 R
2240 BTU/LB
‘ 1505 PSIA
4 - 3 668 R
2295 BTU/LB
HEAT
EXCHANGER
0.1 PSIA
12¢, 346 R
1503 PSIA | 1080 BTU/LB
508 "R L
1709 BTU/LB ﬁ XPANDER +
0.9 PSIA
11O 436 R
1650 BTU/LB
§ HEAT COMPRESSOR
exchangerll i
1500, PS 1A 1 PSJA
330 R 5 10Q 119 'R
1025 BTU/LB 296 BTU/LB
EXPANDERS
1.097 LB/HR
2
—O
70 PSIA 6 %S6P§;A
215 'R
581 BTU/LB 525 BTU/LB
HEAT |
EXCHANGER
60 ESIA 1 & 37 BSIA
L7 R 7 G 43 R
-78 BTU/LB 88 BTU/LB
EXPANSION VALVE [ SE—— 1.651 LB/HR
1.097 LB/HR >
37 PSIA 8
43 R
-78 BTU/LB
37 PSIA 5 {T"""
u3 "R V.
-94 BTU/LB
SAT. LIQUID  Le/mg
HYDROGEN TANK

FIGURE T6. Schematic of Externally Powered Open Loop Hampson Cycle
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FIGURE 92.

Schematic of Externally Powered Open Loop Cycle
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FIGURE 93.

Schematic of Self-Powered Open Loop Cycle
with Direct Boll Off Heat Sink
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FIGURE 9%. Boll 0ff Fraction vs. Compressor Pressure Ratio for
Self-Powered Open Loop Cycle with Direct Boil Off Heat Sink
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FIGURE 96. Schematic of Reversible Converter-Reliquefier
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APPENDIX A

ANALYSIS OF HYDROGEN RELIQUEFIER UTILIZATION
A-T. SUMMARY

This appendix describes a brief optimization study which was conducted
tc determine the best utilization of a hydrogen reliquefier considering the
possibllity of variations in hydrogen tank insulation thickness and relique-
faction of only a portion of the hydrogen boil off. The results indicate that
if the specific mass of the reliquefaction system (including the mass of the
power source chargeable to this system) in 1b/(1b/hr) of hydrogen liquefied
is less than the time period of hydrogen storage in hours, then the use of a
reliquefier is advantageous and all of the boil off should be reliquefied.
Further, the optimum storage tank insulation thickness with a reliquefier is
less than the optimum value without a reliquefier. These results are inde-
pendent of the environmentel conditions and the tank construction.

A-TI. NOMENCIATURE .
¢, Transport tank mass per unit hydrogen mass, lb/lb
C, . Defined by Equation (6), 1b°/nr
M Total variable mass (Defined by Equation (1)), lbs
Mb Mass of hydrogen boil off, 1lbs
M1 Mass of tank insulation, lbs

m Hydrogen boil off rate, 1bs/hr
mb* Hydrogen boil off rate in absence of reliquefier, lbs/hr
M

r

Mass of hydrogen reliquefier, lbs

m_ Hydrogen reliquefaction rate, lbs/hr
Mf Incremental mass of transport tank required to carry an amount of
7 hydrogen equal to the boil off loss, lbs

4

vin  THnimum total variable mass without & reliquefier, 1bs

Mmin-r Minimum total variable mass with a reliquefier, lbs.

9 Storege period, hrs

R Reliquefier specific mass, 1bs/(1b/hr)
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APPENDIX A (Continued)

A-TII. ANALYSIS

In the following anelysis, the total mass of hydrogen amd associated
equipment which must be transported to the moon (or any other destination) tc
supply a given mass of hydrogen is minimized with respect to the following two
variables: the mass of boll off hydrogen vepor reliquefied and the mass of
storage tank insulation employed. In this minimization, only that portion of
the total mass which is influenced by these two variables need be considered.
This portion is hereafter referred to as the total variable mass and is equal
to the sum of the mess of the boil off hydrogen lost, the incremental mass of
the transport tank required to carry a mass of hydrogen equal to the boil off
loss, the mags of the storage tank insulation, and the mass of the hydrogen
religuefier (including all mass chargeable to the reliquefier).

M= Mb + Mt + M+ Mr (1)

i
The incremental transport tank mass 1s assumed to be directly pro-

portional to the additional mass of hydrogen which must be transported to the
moon to offset the boll off losses.

M = G (2)

Substituting for the incremental transport tank mass in Equation (1) by means
of Equation (2)

M= (1+0C))M +M +M (3)

The mases of boil off hydrogen lost is equal to the boil off rate

times the duration of hydrogen storage. (Since substantial differences in
environmental conditions exist between the lunar night and the lunar day,

all masg flow rates and heat transfer rates should be considered to be time
averaged values.)

, = mp )
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APPENDIX A (Continued)

The boil off loss rate is equal to that which would exist in the absence of a
reliquefier less the rate at which hydrogen is reliquefied.

\Nn
s

My =y - (

In the absence of a reliquefier, the boil off loss rate is prorortional
to the heat transfer rate to the hydrogen. The vast majority of the thermal
resistance to this heat transfer is that associated with the tank insulation.

As a result, the heat transfer rate and the boil off loss rate are very nearly

irversely proportional to the thickness and therefore the mass of the insula-
tion.

c
m ¥ = -b-,fi- (6)

where C_, 1s dependent only upon the tank thermal environment, the tank
geometry, and the type of insulation employed. Eliminating * from Equation
(5) by means of Equation (6) and substituting for m, in Equation (4) by means
of the resulting equation yields

02
M = (ﬁ; -m) 8 (N

Defining the reliquefier specific mass (R) as the mass of religuefier in 1b
per 1b/hr of hydrogen reliquefied

Mr
R =—= (8)

H

Substituting in Equation (3) for M and M_ by means of Equations (7) and (8),
respectively,

c, © (1 + Cl)
M = ) + M, +m [ R-6(1L+ Cl)l (9)
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From inspection of Equation (9), the totel variable mass (M) will be .
reduced below that in the sbsence of a reliquefier (mr = 0) if and only if

R< 6 (1 + cl) (10)

Even assuming that the transport tank incremental mass per 1b of
hydrogen (C,) is very small compared to unity, the total varisble mass can be
reduced by the utilization of a reliquefier provided the specific mass of the
reliquefier 1s less then the duration of storage, i.e.,

R< 6 (11)

From inspection of Equation (9), if the employment of a reliquefier
is indicated, the reliquefaction mass flow rate should be as large as possi-
ble to minimize the total veriable mass (M). The maximum possible reliquefaction
rate is that correspording to zero boill off loss. Setting the boil off loss
rate in Equation (5) equal to zero and combining the result with Equation (6)
yields .

02
= om—— - 12
By Mi for M Mm:l.n - (12)
Substituting Equation (12) in Equation (9)
RC2 ’
M=Mi+—M—; for M=M, _ (13)

Minimizing, the total varisble mass (M) with respect to the insulation mass,
(Mi) by means of the calculus

RC

i M
i
whence
1/2
M, = (RCE) for M=M, _ (1k)

~
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Substituting for M, in Equation (13) by means of Equation (14) then
yields the totel variable mags minimized with respect to the mass of insula-
tion (and the reliquefaction mass flow rate).

1/2
Maun - =2 (RC)) (15)

The mass of the reliquefier for the conditions which minimize the
total variable mass is equal to the insulation mass for the same corditions
end is obtained by combining Equations (8), (12), and (14).

M, = (RCa) for M=M, _ . (16)

It should be noted that the total variable mass cannot be minimized
by the calculus with respect to the reliquefaction mass flow rate due to the
fact that the value of the reliquefectlion mass flow rate which minimizes the
total varieble mass is set by a comstraint ( 2 0) rather than a minimum in
the mathematical sense. It should be further noted that minimizing the total
varieble mass with respect to the insulation mass must (as is done above) be
accomplished after the mininization with respect to the reliquefaction mass
flow rete. To do Bo before involves the implicit assumption that the insula-
tion mass (My) and the relicuefaction mass flow rete (mp) are independent
veriables. They are indeperdent only so long as the cofistraint (mb 2 0) is
not operative.

To obtain a standerd of comparison, the minimum total variable mass
in the absence of a reliquefier is obtained as follows: Setting the re-
liquefaction mess flow rate (m ) equal to zero in Equation (9) and minimizing
the total varisble mass with rgspect to the insulation by means of the calculus

i C8 (1 +Cy)
gt -o-- 5 +1
i My
whence )
1/2
M, ={c8 (1 + cl) for M =M, (17)
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APPENDIX A (Continued)

ard

(18)

min l)

]1/2

M =2 ‘026 (L+¢C

The mass of boil off loss for the conditions which minimize the total
variable mass is obtained by setting the reliquefaction mass flow rate (mg in
Equaticn (5) equal to zero and combining the result with Equations (4), ,
and (17).

1/2

Mb ‘l + C } for M = Mhin (19)

Combining Equations (2) and (19) yields the associated incremental
transpcrt tank mass. :

ce ¥°

- e
Mt_cl‘l+cl (20)

Dividing Equation (15) by Equation (18) provides a measure of the
gsaving in total variable mass associated with the utilization of a re-
liquefier.

/2
‘ Wr:—c-y (21)

Mmin -~ r

Comparison of Equations (14) and (17) reveals that the optimum
insulation masses with and without a reliquefier are in the same ratio as
the total variable masses. The employment of a lesser insulstion thickness
in conjunction with a reiliquefier is thus indicated.

UNCLASSIFIED

- 190 -

et



/ UNCLASSIFIED

CLRIVRATNDS

' ’ %r Ua,d/ VAN NUYS CALIORNIA Ronrt @9

APPENDIX B

TRANSIENT THERMAL ANALYSIS OF THE HYDROGEN STORAGE TANK
* B-I. SUMMARY

The relationship between the amount of heat transferred to a tank
ccntaining liquid hydrogen and the pressure rise within the tank is derived
herein from an energy balance. It 1s assumed that the hydrogen temperature
is uniform. An evaluation of the order of magnitude of the terms appearing
in the energy balance indicates that, in general, only the change of hydro-
gen internal thermal energy is significant. The changes of tank shell in-
ternal thermal energy and tank shell strain energy together contribute less
vhen C.l percent of the transient energy storage.

B-TI. NOMENCLATURE
u Hydrogen internal thermal energy, Btu/ 1b
v Hydrogen specific volume, cu £t/1b
M Mass of hydrogen, lbs
- X Quality of hydrogen (Mass fraction in vepor phase)
Q Heat transferred to tank shell, Btu
P Pressure, psi .
v Tank volume, cu ft
E Young's modulus, psi
a Working stress, psi
Mo Poisson's ratio
ug Tank shell internal thermal energy, Btu/lb
’ p Hydrogen density, lb/cu ft
Py Tank shell density, 1b/ cu ft
. A Increment
d Diameter, ins.

UNGLASSIFIED




. UNGLASSIFIED
,%r UArdr ..., cosom Report 6099

CYBRIVKATHIN

APPENDIX B (Continued)

Subscripts
i Saturated vapor
L Saturated ligquid
m Maximum
i Initial
f Final
8 Shell

B-III.  AMALYSIS

An energy balance considering a controcl volume immediately outside
the tank shell yilelds

dQ = Mda + M d u + pdv (1)

Equation (1) states that the heat transferred through the tank insulation to
the tank shell is equal to the sun of the increments of the internal thermal
epergy of the stored hydrogen, the internal thermal energy of the tank shell,
ard the elastic energy of the tanx shell.

From the definition of the specific volume,
V=Mv
whence

dv = M dv (2)

Substituting Equation (2) in Equation (1) and integrating yields

v

Ms f
Q=M (uf—ui)+'ﬁ_(usf_usi>+x£i P dv (3)
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APPENDIX B (Continued)

As an aid in the evaluation of the first term in the braces in Equation
(3), the internal thermal energy of parahydrogen is presented in Figure B-1 as
a function of pressure and specific volume. The latter variable was selected
because the heating of the hydrogen takes place at nearly constant volume condi-
tions. (The volume of the tank increases very slightly due to the pressure rise
diing hesting.) The saturated liquid and saturated vapor internal thermal
. energles and specific volumes of Reference 2 were employed in preparing Figure
B-1. (The corrections to the saturated liquid internsl thermal energy issued
by the originating agency were incorporated in Reference 2.) For selected values
of the specific volume, the quality (the mass fraction of the hydrogen in the
vapor phese) was first determined for each pressure from

v .V
x= = 3 : (4)
v~ 'L
The internsl thermal energy was then caleulated using
_ us=xu + (L~x) u ' (5)

It is possible to show that for liquid hydrogen storage the changes
of the tank shell internal. thermal energy and strain ener (represented by
the second and third terms within the braces in Equation ?g) are negligible.
To do this an approximate value of the tank shell mass is required. This is
estimated assuming a uniformly stressed spherical shell. The required shell
thickness 1s glven by

P d
b =13 (6)
Multiplying this by the shell surface area ylelds the volume of shell material.
. Multiplying this in turn by the density of the shell material yields the shell
Mmess
3
TP a4
M = Ps (7)
® b g
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Multiplying the volume enclosed by the sheil by the hydrogen density yields
the mass of hydrogen stored.

r:x--“—‘i}-—-e ' | (8)

Dividing Equation (7) by Equation {8) then yields the ratio of the shell mass
to the stored hydrogen mass.

Ms SpsP
i - (9)

For 6061-T6 aluminum alloy at cryogenic temperatures,

o = 40,000 psi’
pﬁ: 175 1b/ cu ft
b :003

Et'loxlo(’ psi

and for & typlcal tank shell deslgn
Pm = 50 psi

p = 4.2 1b/cu £t

whence

(The tank shell thickness for this design is 0.045 inch.) For a 20-foot dia-
meter tank, the hydrogen hydrostatic head is 0.l psi. Since this is small
compared to the tank pressure, the assumption of a uniformly stressed shell
should yleld substantially correct estimates of the shell mass.
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From Reference 20, the enthalpy change of aluminum from 1.8°R to
54°R is less than 0.l Btu/lb. (The internal thermsl energy change is slightly
less.) For this temperature change, the second term within the braces in
Equation (3) is thus less than 0.005 Btu/lb (of hydrogen). The temperature
change associated with a rise in tank pressure from 10 psis to 30 peia is
from 34.3°R to 41.3°R; and, from Figure B-1, the associated change in hydrogen
internsl thermal energy amounts to 16.7 Btu/lb. The contribution of the
change of tank shell internal thermal energy is thus entirely negligible even
compared to the change of hydrogen internal thermal energy for a substantially
smaller temperature change.

The order of magnitude of the contribution of the tank shell strain
energy (the third term within the braces in Equation (3)) is estimated for the
same change of tank pressure considered above as follows: The change of
hydérogea speclfic vclume la determined from the change in tank volume.

é.vl.évl-s'(l-m)égg (10)

The tank shell stress is directly proportional to the pressure.

P
A X G
From Equations (10) end (11)
o
SA—VQ=3(1-QM)EE§; (4 ®) (12)

For the properties of 6061-T6 sluminum alloy listed above and for the pressure
chenge from 10 psia to 30 psia,

L

(4 v) = T.62 x 107" cu £t/1b

Multiplying this change of specific volﬁme by the maximum pressure of 30 psi
(ard converting to thermel units) yields & product which is greater than the
third t=rm within the braces in Equation (3), namely,

P(A v) = 0.00hQB.Btu/lb
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The cortribution of the change in tank shell strain energy is thus entirely
negligible compered to the change of hydrogen internal thermal energy.
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APPENDIX C

APPLICATION STUDY OF A HYDROGEN RELIQUEFIER
FOR A LUNAR STORAGE SYSTEM

C.I. APPLICATION

The results of the analysis described in Appendix A are applied
hercin to the storege of liquid hydrogen at a lunar equatorial site. A
storage period of twelve lunar days (8;05 hours) or approximately one
earth year, is considered. A liquefier specific mass of 1000 1b/(1b/hr)
is estimated for this application. This specific mass is consideredbly less
than the duration of storage and hence, from the preceding discussion,
application of a reliquefier is indicated.

Two comparisons are made between storege systems with and without
& reliquefier: One for a 20.foot dismeter spherical storege tank and the
other for a 10.foot diameter tank. Deta for the systems without reliqua-
fiers are taken from the comprehensive study of cryogenic propellant lunar
storage reported in Refererce 13. These data are the masses of hydrogen
- stored, the hydrogen lost by boil off, the tank structure, and the tank
insulation. These are pretented in the first and third columns of Table
C-I for the 20-foot diameter tank ani the 10-foot diameter tank, respectively.
In both cases, the conditicn required to minimize the total mass trensported
(per unit mass of hydrogen available at the end of the storege period) is
satisfied. That 1s, the mass of hydrogen boiled off is equal to the insula-
tion mass. The duta for tls systems with reliquefiers are derived from
those without reliquefiers as follows: The tank structure mass is the same.
The insulation mass is obteined from the expressions derived in Appendix A
for the insulation masses which minimize the total mmas trensported with
and without a reliquefier. Combining these expressions indicates that the
ratio of these two insulation masses is equal to the square root of the ratio
of reliquefier specific mass to the storege duretion. In obtaining this
result, the incremental tank mass term included in the Appendix A analysis
is deleted because this effect is taken into account herein by deducting the
hydrogen boil off losses from the tank storege capacity to yield the mass of
liquid hydrogen available at the end of the storage pericd. The reliquefier
mass should, as noted previously, be made equal to the insulation mass.

The total mass transported per unit mmss of hydrogen available at
the end of the storage period is presented in the next to the last row of Table
C-I. For the 20-foot diameter tank, the use of a reliquefier reduces the total
maes which must be trensported by 1k percent and for the 10-foot diameter tank
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by 28 percent. (The fact that the second reduction is Just twice the first
is coincidental.) The use of a reliquefier becomes more attractive as the
tank diameter is reduced because the percéntage boil off tends to be
greater for smaller tanks. As the tank diameter is reduced, the storage
capacity decreases in proportion to the diameter cubed, whereas, the sur-
face area and therefore the heat transfer rate and the boil off losses,

are reduced only in proportion to the diameter squared.

C-II. NIGHT ONLY OPERATION OF RELIQUEFIER

The waste heat associated with the operation of the reliquefier
must be dissipated. Due to the absence of a lunar atmosphere, it appears
that the most probable technique for this dissipation is radiation to
space. For a lunar equatorial site, this is much easier to accomplish
during the lunar night when the radiator need not be shielded from solar
radiation and when the lunar surface is cooler. Accordingly, the possibil-
ity of shutting down the operation of the reliquefier during the lunar day
and allowing an unvented hydrogen storage tank to rise in pressure and tem-
rerature is considered.

A general study of liquid hydrogen storage tank thermal transients
is described in Appendix B. It is concluded from this study that the only
significant contribution to the change of energy storage during the transient
is the change of the hydrogen internal thermel energy. The changes of tank
shell internal thermal energy and strain energy were investigated and found
to be negligible. These results are applied here to the two tanks with
reliquefiers discussed in Appendix B. The changes of hydrogen internal
thermal energy are evaluated from Figure B-1l which is based on the assumption
there is no significant temperature stratification within the stored liquid.
This assumption 1is probably velid only if specific provisions for minimizing
the effects of stratification are incorporated in the system design. One
possibility is circulating vapor from the top of the tank up through the
liquid (which tends to become subcooled during the daytime transient due to
the rise in tank pressure ). This might be accomplished using one of the
reliquefier compressors and suitable valving.
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TABLE C-I
HYDROGEN RELIQUEFIER APPLICATION STUDY

Storage period = 12 lunar days (Approximately cne earth year)
Minimum total mass systems at & lunar equatorial site

20.7t Diameter Tank 10-ft Diameter Tank
Without With Without With
Reliquefier Reliqguefier Reliquefier Reliquefier
Tank atructure, lbs 1,860 1,80 232 232
Tank insulation, lbs 2,200 %3 550 188
Reliquafier*, lbs - ™3 - 188
Initial hydrogen mass, lbs 18,610 18,610 2,32k 2,324
Total mass trensported, lbs| 22,670 21,976 3,106 2,95
Hydrogen boil off, lbs 2,200 - 550 -—
Hydrogen available, lbs 16,410 18,610 1,77 2,324
Frfrogen awils SR PPL R B O
Reliquefaction rate, lb/hr - 0.753 - 0.188

* Includes all mass chargeable to reliquefier (e.g. » nuclear electrical power source).
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Multiplying the hydrogen boil off masses of Table C-I by the
latent heat of vaporization (190 Btu/lb at the 15 psia storage pressure
of the Reference 13 studies) ylelds for the total amounts of heat trans-
ferred through the tank insulation during 12 lunar cycles 418,000 Btu
and 104,500 Btu for the 20.foot diemeter and 10-foot diameter tanks,
respectively. The amounts of heat transferred per lunar cycle are one-
twelfth these or 34,800 and 8,700 Btu, respectively. The amounts of
heat transferred are inversely proportional to the insulation mass (for
a fixed tank surface area). Thue, for the tanks with reliquefiers, the
total amounts of heat transferred per lunar cycle are 101,600 and 25,400
Btu, respectively. The vast majority of these amounts of heat are trans-
ferred during the daylight hours (Reference 13). Assuming the total
amounts are traneferred during the daylight hours will, therefore, only
slightly overestimate the rise in tank temperature and pressure. Using
this assumption and dividing the amounts of heat transferred by the
respective masses of stored hydrogen ylelds the changes in hydrogen
internal thermal energy, namely, 5.4 Btu/lb and 10.92 Btu/1b for the
20.foot diameter and 10-foot diameter tanks, respectively. Assuming a
10 psia tank pressure at the dawn of the lunar day, the pressures at
sunset are (from Figure B-1 of Appendix B) only 15 psia and 22 psia.

It is concluded, therefore, th&t operation of the reliquefiers
only during the lunar night is feasible. It should be noted that, under
these conditions, the reliquefaction flow rates of Table C-I should be
interpreted as average values over a complete lunar day. Since the re-
liquefiers are operated only approximately half the time, the design re-
liquefaction rates must be made twice these average values.
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APPENDIX D

TRANSIENT THERMAL ANALYSIS OF AN OXYGEN STORAGE TANK

D-I. SUMMARY

The relationship between the amount of heat transferred to a tank

¢ontaining liquid oxygen and the pressure rise within the tank is derived

. herein from an energy balance. The analysis closely parallels the hydrogen
tank analysis presented in Appendix C of Reference l. It 1ls assumed that
the oxygen temperature is uniform. An evaluation of the order of magnitude
of the terms appearing in the energy balance indicates that, in general,
only the change of oxygen internal thermal energy is significant. The
changes of tank shell internal thermal energy and tank shell strain energy
together contribute less than 0.l percent of the transient energy storage.

D-II. NOMENCLATURE

Oxygen internal thermsl energy, Btu/lb

Oxygen specific volume, cu f£t/lb

Mess of oxygen, lbs

Quality of oxygen (Mass fraction in vapor phase)
Heat transferred to tank shell, Btu

Pressw'e, psi

Tank volume s cuft

Young's modulus, ps‘i

O K B 4 £

Working stress, psi
Poissor.'s ratio
Tank shell internal themmal energy, Btu/lb
Oxygen %density, 1b/cu £t
Tank shell density, 1b/cu ft
Increment

d Tank dlameter, ins.
Subscripts

A Saturated vapor
Saturated liquid
Maximum
Initial
Final
Shell

'oms::'FQt‘J<2"d

> ©
]

m o B
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D-III. ANALYBIS

An energy balance considering a control volume immediately outside
the tank shell ylelds

dQ=Mdu+Msdus+pdV (1)

Equation (1) states that the heat transferred through the tank insulation to
the tank shell is equal to the sum of the increments of the internal thermal
energy of the stored oxygen, the internsl thermal energy of the tank shell,
and the elastic energy of the tank shell.

From the definition of the specificAvolume,
V = Mv
ﬁhence
dVv = M av (2)
Substituting Equation (2) in Equition (1) and 1fxtegrat1ng yields

Ve

; M
Q = M (uf -.ui)j+ T% (uSf - usi) + £ P dv (3)
i

As an ald in the evaluation of the first term in the braces in
Equation (3), the internal thermsl energy of oxygen is presented in Figure
D-1 as a function of pressure and specific volume. The latter variable was
selected because the heating of the oxygen tskes place at nearly constant
volume conditions. (The volume of the tank increases very slightly due to
the pressure rise during heating.) The saturated liquid and saturated vapor
enthalpies and specific volumes of References 7, 21, and 22 were employed in
preparing Figure D-1. For selected values of the specific volume, the qual-
ity (the mess fraction of the oxygen in the vapor phase) was first determined
for each pressure from
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vV = V.
L )
X = (%)
Vv - VL

The internal thermsl energy was then calculated uasing

u o= oxu, o+ (L - x) ur (5)

The internal thermal energy was calculated by aubtracting the flow work from
the enthalpy. The quality was found to be small, and therefore u = uy. The
analysis, however, is not dependent upon the constraint thet x = O.

It is posaible to show that for liquid oxygen storage the changes
of the tank shell internal thermal energy and atrain energy (represented by
the second and third terms within the braces in Equation ?y)) are negligible.
To do this, an approximate value of the tank shell mass is required. This is

estimated by assuming & uniformly stressed spherical shell. The required
shell thickness is given bw

5 = 5 (6)

Multiplying this by the shell surface area yields the volume of shell mater-

ial. Multiplying this in turn by the density of the shell material yields
the shell mass.

3
nPd Pg

My = o m

Multiplying the volume enclosed by the shell by the oxygen density yields the
mass of oxygen stored.

M = & d” p (8)
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Dividing Equation (7) by Equation (8) then yields the ratio of the
shell mass to the stored oxygen mass.

. | (9)
For 6061-T6 aluminum alloy at cryogenic temperatures,

40,000 psi
Py = 175 1b/cu ft
p F 0.3

E T 10 x 106 pel

and for a typical tank shell deslgn

Pm = 30 psi -

p = 68.5 1b/cu ft

whence

Mg

W = 0.00287

The oxygen hydrostatic head for a 20-foot diameter tank is 1.6 psi.
Since this is small compared to the tank pressure, the assumption of a uni-
formly stressed shell should yileld substantially correct estimates of the
shell mass.
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From Reference 23, the enthalpy change of aluminum from 156°R to

‘ 175°R is less than 2.1 Btu/lb. (The internal thermal energy change is slight-
ly less.) For this temperature change, the second term within the braces in
Equation (3) is thus less than 0.006 Btu/lb (of oxygen). The temperature
change associated with a rise in tank pressure from 10 psia to 30 psia is from
156°R to 1T5°R. From Figure D-1, the associated change in oxygen internal

) thermal energy amounts to 8.2 Btu/lb. The contribution of the change of tank
shell internal thermal energy is thus entirely negligible compared to the
change of oxygen internal thermal energy.

The order of magnitude of the contribution of the tank shell strain
energy (the third term within the braces in Equation (3)) is estimated for the
same change of tank pressure considered above as follows: The change of oxy-
gen specific volume is determined from the change in tank volume.

Av AV Ao
T -30-2w5 (10)
- The tank shell stress is directly proportional to the pressure.
L. ' (1)
O m

From Equations (10) and (11)

- sa-ewpE W (12)

For the properties of 6061-T6 aluminum alloy listed above and for
ye pressure change from 10 psia to 30 psia,

. (av) = 4.66 x 1072 cu £t/1b
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Multiplying this change of specific volume by the maximum pressure
of 30 psi (and converting to thermal units) yields a product which is greater
than the third term within the braces in Equation (3), namely,

4

P (Av) = 2.6 x 10" Btu/lb

The contribution of the change in tank shell strain energy is thus
entirely negligible compared to the! chenge of oxygen internal thermal energy.
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FIGURE D-1. Internal Themmal Energy of Oxygen, Liquid-Vapor Mixed Phase
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APPENDIX E
THE HORIZONTAL LUNAR RADIATOR
I. EQUIVALENT THERMAL ENVIRONMENT

A mdiator located on the moon will rediate to and be irrediated
by deep space and the lunar asurface. The temperature of the lunar surface
will to some degree be affected by the presence of the radiator. These inter-
actions are considered herein in determining a simpler yet entirely equiva-
lent rediator thermal eanvironment for a horiwontal radiator. The equivalent
thermal environment consists of a surface of uniform tempereture which
completely surrounds the rediator. (This surface is hereafter referred to as
the heat sink or simply as the sink.) This egquivalent rediation environment
is quantitatively described by the egquivalent sink temperature and the equiv-
alent net rediation conductance from the rediator to the aink. It is possibdble
to derive valuss of these two quantities such that, irrespective of the
radiator temperature (provided only that it is the same in both ceses), the
rediator will exchange the same mmount of heat with the equivaleant environ-
ment a8 with the actual environment. ‘

Knowledge of the equivalent sink temperature provides a direct
insight into the selection of reliquefier cycle operating conditions in that
the fluid temperature at the exit of the rediator must be greater than the
squivalent sink tempereature. This eguivalent environment approach also re-
sults in & considereble simplification of rediator area computations. (How-
ever, parhaps the most important implications are those associated with redi-
ator testing.)

The rirst step in the analysis is the destermination of the heat
tranafer characteristics of the lunar crust from messuremeants of lunar surface
temperutures. Shortly after-the lunar sunset, the lunar surface temperature
approaches a value of approximately 215°R (Reference 13) which persists
through the remeinder of the 'lunar night. The generally acceptesd explana-
tion for this is as follows: At a sufrficient depth below the lunar surface,

- the effects of variations of surfece heat transfer conditions during the
complete lunar day are damped out and the substrete temperesture becames .con-
stant. This constant substrets temperature has been inferred from surface
tempsrature measurements to be approximately L20'R. Quasi-steady state heat
transfer from the lunar surface to deep spsace by rediation is supplied by

. and equal to the quasi-steady heat trunsfer from the constant tempereture
substrate to the lunar surface. The former heat transfer rete is calculated
from the lunar surface temperature, the temperature of deep space, and the
emigsivity of the lunar gsurface. The heat transfer conductance for the latter
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is ther calculated assuming the heat transfer in the lunar crust is pre-
ponderantly by grey body radiation. A lunar surface emissivity of 1.0 is
employed. This results in & very slight conservatism in the overall radia-
tor analysis. A deep space temperature of 20°R is used. However, the
results of the analysis are virtually 1ndependent of this assumption.

(This temperature raised to the fourth power is entirely negligible compered
to the lunar surface temperature raised to the fourth power.)

For & unit lunar surface area, the resulting lunar crust radia-
tion conductance is 0.0752. This number is dimensionless inasmuch as the
details of the analysis are carried out using the gray body radiation net-
work method of Oppenheim (Reference 16). (With this method, the potential
for rediant heat transfer 1s taken to be the product of the temperature
raised to the fourth power and the Stefan-Boltzmann constant.) The Oppen-
heim radiation network for this portion of the analysis is shown in Fig-
ure E-lA.

The analysis of the horizontal radiator now proceeds as follows.
Radient heat transfer from the lunar substrate through the lunar crust to
the lower surface of the radiator or to the lower surface of one or more
radiation shields placed under tlre rediator is considered. This radiant
heat transfer is assumed to be ore-dimensional. An emissivity of 0.05
(typical of clean aluminum) is employed for the lower surface of the radia-
tor and for the aluminized Mylar radiation shields. (A sketch of a radiator
design concept is presented in Figure E-2). The upper surface of the radia-
tor is assumed to be coated in such a manner that an emissivity of 0.9 1s
obtained.

The Oppenheim type network employed in analyzing this case is
shown in Figure E-1B for (n) radiation shields where (n) may be zero or a
positive integer. Combining all the radlation resistances in series between
the node Tgg representing the lunar substrate and the node TR representing
an element of the radiator surface in Figure E-1B ylelds the simpler network
of Figure BE-1C. The analysis up through Figure E-1C may be accomplished by
the method of Oppenheim or any of several entirely equivalent techniques
described in standard heat transfer texts.

However, the step from Figure E-1C to Figure E-1D is not covered
in these sources and hence is described in some detaill here. The values of
the equivalent radiation conductance (G) and equivelent sink temperature (Te)
of Figure E-1B are chosen such that, in combination with the radilator temper-
ature (TR), the same radiator heat transfer rate is predicted as with the
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radlation conductances and temperatures of Figure E-1C. Now, equating the
radlator heat transfer rates yields one equation in two unknowns: The
equivalent conductance and the equivalent temperature. There are, of course,
any number of combinetions of these two unknowns which will satisfy this
equation. However, there is only one combination which is independent of
the rediator temperature, namely,

G4= er +Gms

This combination has the greatest utility and hence is employed in the com-
putations reported herein.

Values of the equivilent radiation conduc:ance and the equivalent
sink tempereture are plotted in Figures E-3 and E.4, respectively, as
functions of the number of rsilation shields employed under the radiator.

The equivalent conductance is little affected by the number of radiation
shields. It drops only from 3.930 in the case of no shields to 0.904k in the
case of five shields. (As the number of shlelds is increased it asymptotic-
ally approaches the 0.900 valie of the radiator to deep space conductance
(Grm))v This is a consequen:e of the fact that, even with no radiation
shield, the radiator to lunar substrate conductance (Gpgg) is small compared
to the rediator to deep space: conductance (Grm)ﬂ By contrast, the equiva-
lent sink temperature is significantly affected by the number of radiator
shields employed. This temperature drops from 178°R in the case of no radia-
tion shield to 111°R in the case of five shields. The reason for this is as
follows. The deep space temperature (T,) 1s so much smaller than the lunar
. substrate temperature (Tgg) that the first term in the numerator in the
above equation 1s negligible in spite of the fact that the conductance in
this term 1s many times that in the second term. This also leads to the
somewhat paradoxical result that the equivalent sink temperature is virtually
independent of the deep space temperature and almost directly proportional to
the lunar substrate temperature.
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In the cycle analyses reported herein, a radistor exit fluid tem-
perature of 200°R is employed. From the results of Figure E-4, temperatures
this low are possible since even in the absence of radiation shields the
equivalent sink temperature is only 178°R. Use of radiation shields will
of course reduce the sink temperature and thereby provide a greater potential
for radlant heat transfer.

Only the horizontal radiator 1s analyzed herein, However, it
appears that & vertical radiator may have considerable merit. Considering
both surfaces of both types of radiators, they both have the same radiation
view factor with respect to deep space and with respect to the lunar surface.
However, the horizontel radiator completely shields from deep space the
portion of the lunar surface which it views, whereas the vertical radiator
only pertially shields the lunar surface. Consequently, the vertical radia-
tor on the average views a cooler lunar surface and hence is able to radiate
a greater amount of energy for otherwlse identical design conditions. For a
lunar equatorial site a vertical radiator may also be superior from the stand-
point of meteorold damage. Reference 23 indicates the majority of meteoroids
travel in peths near the ecliptic plane. 8Since the lunar axis is on the
average normal to the ecliptic plane, a vertical radiator at an equatorial
site would provide the minimum projected area in the direction of greatest
meteoroid incidence.

E-2. SURFACE AREA

As a fluid is cooled in passing through & radiator, the reductlon
in fluid temperature results in a reduction in the radiant heat transfer rate
per unilt surfece area. This effect 1is considered in & general analysis of
radlator area requirements presented in Appendix F. This analysis is used
here to size a typical total radiator package, that is, all the radlators
employed in a reliquefier cycle. Three radiation shields are considered and
hence, from Figures E-3 and E-4, the equivalent sink temperature and equivalent
radiation conduction are 123°R and 0.907, respectively. From the cycle analy-
s1s studies, of the order of 10,000 Btu/hr must be dissipated by the radiators
for a 1 lb/hr hydrogen reliquefaction rate and the typical radiator inlet and
exlt temperatures are 340°R and 200°R, respectively.

One other piece of data 1s required in order to apply the analysis
of Appendix F, namely, the surface heat transfer effectiveness. This is de-
fined as the actual local radiant heat transfer rate divided by the radiant
heat transfer rate that would prevail if the local radiator fin surface temper-
atures were equal to the local fluid (hydrogen) temperature. As such, the
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surface heat transfer effectiveness includes the effects of the temperature
differences associated with both the convection within the fluid passage and
the conduction from the walls of the fluld passage to the radiation surfaces.

. The term "surface heat transfer effectiveness" is used herein since only the
effect of the latter i1s included in the usual definition of fin heat transfer
effectiveness.

Ironically, in the radiator applications considered herein, the
temperature difference between the hydrogen and the tube wall is negligible
insofar as the determination of radiator surface area requirements are con-
cerned and the surface heat transfer effectiveness is essentially equal to
the fin effectiveness. (This is in part due to the comparatively low radia-
tor temperatures involved. These tend to make the thermal resistance to
radlation large and therefore controlling as compared to the convective ther-
mal resistance within the tube.) The fin' dimensions which maximize the heat
transfer rate per unit fin mass (for a constant fin width) are presented in
Reference 17 for the case of a constant thickness rectangular fin. The re-
sults are somewhat dependent upon the ratio of fin base temperature to the

— sink temperature. However, combination of these results with the more general
results of Reference 17 reveals that designing for a fin effectiveness of
60 percent comes very close to maximizing the heat transfer rate per unit fin
mass for all conditions. Accordingly, this value is used herein.

Following the simple calculation procedure outlined in Appendix F,
a total radiator surface area of 1488 sq ft is obtained. Analyses of the fin
indicates that for an aluminum fin thickness of 0.010 in. the fin length
should be 9.0 inches to attain a fin effectiveness of 60 percent (The coolant
tubes would be spaced 18 inches on centers.) The resulting total fin mass
is 214 pounds.

Nomencleture _
G Radiation conductance, nondimensional
. n Number of radiation shields
q Heat transfer rate per unit surface area of one side
of radiator, Btu/(hr £t2)
T Absolute temperature, °R
: i Surface heat transfer effectiveness, nondimensional
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Subécrigts

e Equivalent environment
R, T Radiator

s Lunar surface

ss Lunar substrate

® Deep space
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| FIGURE E-l1. Radiation Analysis Networks for the Horizontal Lunar Radisator
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NOTES: _
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FIGURE E-4. Equivalent Sink Temperature for the Horizontal Lunar Radiator
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APPENDIX F

N RADIATOR AREA REQUIREMENT

F-T. INTRODUCTI QI

As a fluid is cooled in passing through a radiator, the reduction
- in fluid temperature gives rise to a reduction in the rsdiant heat tranafer
rate per unit surface area. This effect is considered in a general analysis
of radiator area requirements presented herein. To facilitate the applica-
tion of the analysis, numerical results are alsc presented in both tabular
and graphical forms.

F-II, ABSUMPTIONS

The following assumptions are made in the analysis:
l. Steady state
2. Gray body radiation

3. All portions of the radlator surface are exposed to the same
- radiation environment

he Unirém surface heat transfer effectiveness

5. Constant specific heat of the fluid flowing through the
radistor '

F.III, NOMENC LATURE

Description
Radiator surface ares, sq ft

Radiator surface ares for same heat transfer rate and uniform fluid
temperature of Ty, 8q £t

Specific heat at constant pressure, (Btu/lb)/°R
Differential

Radiation configuration factor between radiator and sink
Fluid enthalpy, Btu/lb '

Mass flow rate of fluid psssing through radiator, lb/hr

Bb"‘lﬂv.da o??’,g
e
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q Heat transfer rate, Btu/hr

Ta Bulk average temperature of fluid entering radiator, °R

T, Bulk average temperature of fluid leaving radiator, °R

To ' 8ink temperature (tempersture to which radiastor is radiating), °R

n Surface heat transfer effectiveness

o Stefan-Boltzmann constant = O0.1714% x 10'8 (Btu/hr)/(fte °R“)
F-1v. ANALYSIS

Consider an infinitesimal section of a radiator of surface area (dA)
in which a fluid temperature change of (4dT) is effected and from which heat
is radiated at a rate of (dq). A steady state energy balance on this section
yields

dg = - mdh (1)

Substituting for (dq) by means of the rate equation for gray body radiation
and substituting c, (aT) for (dh) ylelds ’

o F 1 (T“ - TO”) (d8) = -m c, (aT) (2)

The surface heat transfer effectivensss (1) is by definition the
radiant heat transfer rate divided by the radiant heat transfer rate that
would prevail if the local radiator surface temperature were equal to the
local fluld temperature. As such the surface heat transfer effectiveness in-
cludes the effects of the temperature differences associasted with both the
convection within the fluld passage and conduction from the walls of the fluid
passage to the radiation surface elements. (The term "surface heat transfer
effectiveness" 1s used herein since only the effect of the latter is included

N

in the usual deflnition of fin heat transfer effectiveness.)

Solving Equation (2) for the area (dA) required to effect a fluid
temperature change (dT) and then integrating to obtain the total area required
to cool the fluid from its inlet temperature (Ta) to its exit temperature (Tb)

oS fTb aT (3)
A = T )
oFT T, T -T
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Separation of the integrand into partisl fractions and integrating yields

T

‘ - me T T b

A = / t 2) - tanh °/
———P—W% arcan(-r) src» ‘(T)T

Y
wvhence

me

T T
A = ;—;’n—{? larctmh (;E) - arctan (;—:-) - arctanh (!3) + arctan (5-:-)] (&)

In the numerical results presented herein the radiator area is norm-
alized with the radiator area (A ) that would be required if the bulk average
temperature of the fluid throughdut the radiator were uniform and equal to the
value at the exit (mb). By definition then

- Q- (5)
b= 3 P (Tb’* - Tf)‘ |

From an overall energy balance on the radiator
Q= me, (’I.‘a - T.b) (6)

Bubstituting for the heat transfer rate (q) in Equation (5) by means of
Equation (6) and dividing Equation (4) by the resulting equation then
Yields the expression employed in the numerical computations..
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L

&)
ORI

T > T
22 [(;3 - 1]

T T T T
[arctan (52) - arctan (52) - arctanh (52) + arctan (59 (7)
b b . & a

In the speclal case of the sink temperature (T,) approaching zero,
Equation (7) becomes an indeterminate form and hence cannot be employed for
numericel computations. This difficulty is circumvented by deriving the expres-
sion equivalent to Equation (7) for this special case. This msy be accomplished
in either of two ways: Setting the sink tempersture (T,) equal to zero in Equa-
tions (3) and (5) and, beginning with Equation {3), proceeding along the same
general lines as in the development of Equation (75 or by evaluating the limit
of the right hand side of Equetion (7) from the calculus (using L'Hospital's rule).
The result is, of course, the same, namely,

T, (T 2 m iy
(T‘;)-- z () I(ﬁ,-‘l) +(;,,-9)+1] (7 = o (8)
a8 a

a

The former approach ylelds, as an intermediate result, the following expression
for the radiator ares:

mece Tb 3 T
PR S Py @ = o ©)
30F NI, a b
F-V. APPLICATION OF RESULTS

The first step in the application of the analysis results is the com-
putation by means of Equation (5) of the radiastor surface area (A, ) that would be
required 1if the bulk average temperature of the fluld throughout radiator
were uniform and equal to the value at the exit (Tb). The ratio of the actual
radiator area to this radiator area (A/Ab) is presented in tabular and graphical
form in Table F-I and Figure F-1, respectively, as a function of the inlet to
exit and exit to sink temperature ratios (Tg/T,) and (Ty/T ). The ratio (&/Ay)
is evaluated from a knowledge of the temperstures and then multiplied by Ay to
yield the actual radiator ares (A).
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TABLE F-I

SUMMARY OF RADIATOR AREA REQUIREMENTS

Sink temperature

Fluid temperature into radiator

Fluid temperature out of radiator

Radiator surface area

Radiator surface area for same heat transfer rate and
uniform fluid temperature of Tb

A/A,
T /
b b b b b

1.0 | 1.0000[1.0000 {1.0000 | 1.0000 | 1.0000
1.1 | 0.8289|o0.8252 |0.8205 | 0.8098 | 0.7897
1.2 | 0.7022] 0.6973 | 0.6900 | 0.6756 | 0.6489
1.4 | 0.5296] 0.5241 | 0.5164 | 0.5020 | 0.4733
1.6 | 0.4199| 0.b1k9 | 0.k0T8 | 0.3938 | 0.3690
1.8 | 0.3452} 0.34509 | 0.33u5 | 0.3221 | 0.3005
2.0 | 0.2917|0.2878 | 0.2822 | 0.2713 | 0.2524
2.2 | 0.2517] 0.2482 | 0.2433 | 0.2337 | 0.2170
2.k | 0.2209|0.2178 | 0.213% | 0.2048 | 0.1898
2.6 | 0.1965| 0.1937 | 0.1897 | 0.1820 | 0.1686
2.8 0.1768 | 0.1741 | 0.1706 0.1636 0.1515
3.0 0.1605 | 0.1582 0.1549 0.1485 0.13T4
3.2 | 0.1469} 0.1448 | 0.417 | 0.1359 | 0.1257
3.4 0.1354 | 0.1334 0.1306 0.1251 .{ 0.1158

UNCLASSIFIED

- 225 -



Iy UNCLASSIFIED |
%rquam’/ o e, couroms Report 6099

IXRIVRATNIY

T, SINK TEMPERATURE
T, FLUID TEMPERATURE INTO RADIATOR
T, FLUID TEMPERATURE OUT OF RADIATOR
A RADIATOR SURFACE AREA '
A, RADIATOR SURFACE AREA FOR SAME
HEAT TRANSFER RATE AND UNIFORM
FLUID TEMPERATURE OF T,
1.20
1.00
0.80
< T/
~ o b
< 0 to 0.L _
0.60 -
. /—o.s
//_0.6
0.7
0.40 A
0.20 \
0
1.0 1.5 2.0 2.5 3.0 3.5

T./Ty

FIGURE F-1. Radiator Area Requirements
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APPENDIX G

THERMODYNAMIC AND TRANSPORT PROPERTIES
DIGITAL COMPUTER SUBROUTINE

. Thermodynamic and transport properties are obtained from the proper-
ties subrcutine. The overall flow diagram for this subroutine is shown in
Figure G-1. The thermodynamic and transport properties correlations employed
in the properties subroutine are described in the following sections:

G-I. Thermodynamic Properties Correlations
G=-II. Transport Properties Correlations

G-III. Parahydrogen Thermodynemic and Transport Properties Data
G-IV. Nitrogen Thermodynamic and 'I‘ra.nspor?b Properties Data
G-V. References

- Tables G-I to G-iXVII

- Figures G-1 to G=36
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G-I. THERMODYNAMIC PROPERTIES CORRELATIONS

The thermodynamic properties correlations are based on the results of
a Marquardt Corporation study of the numerical representation of thermodynamic
properties in situations where they must be considered as functions of both
temperature and pressure. A principal result of the study has been the develop-
ment of a new approach to the representation of the pressure-temperature-density
surface. The technigue ls equivealent to an equation of state with pressure as
the dependent variable and temperature and density as the independent variables.
Like many of the better known equations of state (for example, van der Walls,
Beattie-Bridgeman, Benedict-Webb-Rubin) the functional form employed esymptotic-
ally approaches the perfect gas equation of state as the density approeches
zero (more precisely, &s the density becomes very smell compared to the criticel
density). Employing an equation of state which inherently predicts the asymp-
totic behavior of real flulde has, of course, an intrinsic advantage over an
equation which does not. One of the major advanteges of the new equation of
state as compared to prior equations is that it also inherently predicts the
asymptotic behavior of real flulds for densities which are large compared to
the critical density; that is, it approaches incompressible fluid behavior.
One of the characteristics that can be deduced from the assumption of incom-
pressible behavior is thet the entropy is & function of temperature only.
An approach to this characteristic is quite apparent on a temperature-entropy
diegram in the liquid region at temperatures much below the critical. All the
isobars become crowded together in this region indicating that the entropy is
primarily e function of temperature and only a very weak function of pressure.

The particular general form chosen for the new equation of state is

P="T (R§ -£G)

Where
P = Pressure
T = Temperature
R = Gas constant
¢ = Function of density only:
f = Function of density only
G = Function of temperature only
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The density functions ¢ and £ must satisfy certain asymptotic con-
dizions. In order to predict perfect gas behavior, the function @ must
approach the density and the function f must approach zero at densities small
compared to the critical density. (Tha.t these are sufficient and necessary
conditions can be deduced simply from the above equation of state and de-
finitions of the variables.) In order to reproduce behavior approaching that -
of an incompressible fluid, the integral of the functior f with respect to
specific volume (reciprocal of density) must approach a constant value at
densities that are large compared to critical density. This reguirement is
not at all apparent from consideration of only the equation of state. Rather it
is deperdent upon the following two facts. First, changes of internal
thermal energy at constant temperature can be determined from an equation of
state by means of an exact thermodynamic relationship. Secondly, for an in-
compressible fluid, the internal thermal energy is a function of temperature
only. These two facts dictated not only the required agymptotic behavior of
the function £ but the form of the equation of state as well.

The above equation of state was tested with the parahydrogen data
of Reference G-1 (Listed in Section G-II, below). The density functions
were approximated with rational functions, one with a single constant and
one with three constants. The temperature function contained an exponential
term and two constants. With the resulting six-constant equation of state,
it was found that the internal thermal energy date could be reproduced as
a function of temperature and density with & maximum error of 1 Btu/lb
throughout the entire region in which the data of Reference G.1 is based on
experimental pressure-temperature-density data. This region extends from
half the critical temperature to three times the critical temperature ard
includes liquid and vapor states. The maximum error is equal to the stated
accuracy of the Reference G-1 date and 1s equivalent to & maximum error in
temperature of approximately 0.2°R. Considering that a sixteen-constant
equation of state was employed in the preparation of Reference G-1 and that
separate fits of the constants above and below the critical temperature were
employed, the accuracy obtained is believed to be indicative of the superior-
ity of the new equation of state.

A difficulty common to virtually all equations of state was ex-
perienced and a unique solution was developed. At low temperatures, the
pressure becomes the small difference of two large numbers. This problem
is most severe in general along the saturation line anmd is particularly
acute along the saturated liquid line. In this region, it leads to the re-
quirement of extremely high accuracies in representing the functions ¢, t,
and G merely to obtain reasonable accuracy in the pressure. This difficulty
was circumvented by representing the saturation pressure as a function of
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saturation temperature ard the saturation temperature as a function of saturation
density (both liguid and vapor). These two functions were then incorporated in

a rearrangement of the equation of state. In principle, the equation of state is
in no way changed. In practice, the saturation pressure corresponding to a
given density 1is computed first and then corrected for the fact that, in general,
the given temperature is not equal to the saturatlon temperature. The form of
the rearrenged equation of state is such that when the temperature is equal to

the saturation temperature the equation of state reduces identically to the
saturation pressure function.

Enthalpies can be determined from the equation of state as follows.
As already noted, changes of internsl thermal energy at constant temperature
can be determined from a relationship derivable from the equation of state.
Combining this relationship with a relationship for the internal thermal energy at
zero density (ideal ges data) as a function of temperature permits the internal
thermal energy to be determined as a function of temperature and density.
Adding the flow work (pressure divided by density) to the internsl thermal
energy yields the enthalpy.

The net results of the equation of state development are that the
density and enthalpy can be accurately represented as functions of temperature
and pressure by means of seven univariate functions. These seven univariate
functions, unlike the two biveriate functions they replace, exhibit no unusual
characteristics. This and the absence of any extremes in accuracy requirements
permits them to be represented by means of interpolation of tabular data.

G-II. TRANSPORT PROPERTIES CORRELATIONS

The transport properties correlations are based on the fact that
the viscosity and thermsl conductivity of a nonpolar substance may be re-
presented over a broad range of conditions (including both liquid and gaseous
states) as a sum of a function of temperature only and a function of density
only. The origin and development of these correlations is briefly described.

Predvoditelev (Reference G-2) from theoretical considerations sug-
gested lhat the thermal conductivity in the fiuid states could be expressed
as the sum of a function of temperature only ard a function of density only,
i.e.,

k(T,p) = kn(T) + kp(p) (1)
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The principal limitation of this method appears to be that it is
not applicable to polar substances, as noted for example by Vines and Keyes
(Reference G-3). However, for nonpolar substances it has been extensively
and successfully applied to the correlation of experimental thermal conductivity
date, psrticularly by Thodos and his co-workers. (See for example References
G-3 to G-T). It has been shown that Equation (1) accurately represents the
thermal conductivity throughout the fluid states including both the gaseous ard
liquid regions. '

By analogy to Equation (1) Brebach and Thodos (Reference G-8)
tentatively wrote

B(Tsp) = g (T) + ) (p) (2)

and found that it successfully correlated viscosity data for nonpolar sub-
stances and for polar substances which do not exhibit hydrogen bonding
(see for example References G-7 to G-10).

The temperature and density functions of Equations (1) and (2) are
usually defined such that in the verfect gas region (density approaching zero)
the density functions kp and p.p are zero. As a result, the temperature

functions k‘I' and Wq are the thermal conductivity and viscosity in the perfect

gas region. Since for most substances a pressure of one atmosphere yields
essentially perfect gas behavior and since transport date are most abundant
at or near one atmosphere pressure, kT and “'T are frequently evaluated from

one atmosphere data. Nonetheless, they should be representative of the
thermal conductivity ard viscosity down to zero pressure.* The density

functions kp and p.p » usually termed the "residual thermal conductivity" and

the "residual viscosity" may be therefore regarded as corrections to the per-
fect gas data to account for finite densities (finite pressures).

*This Pact 1s obscured in References G-8 and G-10 by the inclusion of apparent
viscosity data in the free molecule and transition flow regimes. At the very
low pressures involved, the mean free path of a molecule equaled or exceeded
the characteristic dimension of the test apparatus. As a result, these
apparent viascosity data are not representative of the actual viscosity. These
data are in fact particular to the apparstus in which they were obtained.
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G-III. PARAHYDROGEN THERMODYNAMIC AND TRANSPORT PROPERTIES DATA

A. Thermodynemic Data

: The data sources and methods employed in the preparation of para-
hydrogen data for use in the THERM 1 thermodynamic properties subroutine are
described herein, Reference G-1 (Roder and Goodwin) wes the primaxry data
gsource., This is in part responsible for the fact that thermodynamic properties
computed from the data described herein are in very close agreement with those
tabulated in Reference G-1l. The same enthalpy datum as that employed in
Reference G-1 1s employed herein.

Where conversion of units was necessary, one or more of the
following conversion factors was employed.¥*

1.800°R/°k

14,696 psia/atm
0.019337 peia/(mm Hg)
1Lk 1::2/:':1:2

T78.26 £t 1bf/Btu
62.428 (1b/26)/(gn/ex’)

2.0157 gm/gm mol H,

1. Saturation Pressure and Temperature

The solid-vapor saturation pressures and temperatures of
Teble G-I were obtained from Teble IV on p 25 of Reference G-2. These data
extend from a temperature of 1L4.4°R to 24.863°R, the triple point temperature
(pressures from 0.002162 psia to 1.0228 psia).

The liquid-vepor saturation pressures and temperatures are
presented in Teble G-II. These date extend from the triple point to the
critical point (59.371°R and 187.67 psia). The first entry of this table is
the triple point and hence, it is identical to the last entry of Table G-I.

The remainder of the data are from Reference G-l. The last entry, the critical

point, is from p 6 of Reference G-l. All the rest are from the tebles of pp T8
“to 106.

#*1b denotes pounds mass, and 1bf denotes pounds force.
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The data of Tables G-I and G-Il are plotted in Figure G=2
in the form in which they are stored and interpolated in the THERM 1 properties
subroutine, namely as the logarithm of pressure as a function of the reciprocel
of temperature.

2. Sa.turation. Temjperature and Density -

Saturation temperatures and densities are presented in
Teble G-III in order of increasing density. The density extends from the
region where the vapor may be considered a perfect gas¥*, through the critical
density, and on up to the density of the liquid at the triple point. For
temperatures from l4.4°R to 32.4°R (the first 12 points in Table G-III), the
densities were computed from the saturation pressures and temperatures and
the vapor compressibility factors given in Table IV on p !sg of Reference G-2.
(A gas constant for parahydrogen of 495.512 (mm Hg) (1b/£t3)°R taken from
p 267 of Reference G-3 was employed in the computations.) A vapor com-
pressibility factor is not given in Reference G-2 for 1lk.4°R, the first point
of Teble G-III. However, since for the next higher temperature, 16.2°R, it is
0.99956, a value of unity was employed at 1l4.4°R. For the vapor for tempera-
tures from 34.26°R to 5T.424°R and for the liquid from 34.26°R to 58.86°R, the
densities were computed from the specific volumes given in the tables from
pp 78 to 106 of Reference G-l. The critical point was obtained from p 6 of
Reference G-1. The densities at the remaining four points (vapor at 58.86°R
and liquid at 32.4°R, 28.8°R, and 24.863°R, the triple point temperature)
were estimated from the "law" of rectilinear diameters. This "law" is the
empirical observation that the average of the saturated liquid and vapor
densities is very closely a straight line function of the saturation tem-
perature,

The data of Table G-III are plotted in Figure G-3 in the form
in which they are stored and interpolated in the THERM l properties subroutine,
namely as the saturation temperature &5 a function of density.

#

*For densities less than the first entry of the table, the perfect gas
equation of state rather than extrapolation of the table data is employed
in the THERM 1 properties subroutine.
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3. Internal Thermal Energy at Zero Density

The zero density internel thermsl energy is presented in
Table G-V for temperatures from 40°R to 540°R. These data were obtained by
graphically extrapolating the internal thermal energy date of pp T8 to 82 of
Reference G-1 to zero density. For each of the temperatures of Teble G-V,
the internsl thermel energy at 10 psis, 15 psis, and 20 psis, was plotted as
a function of pressure and extrapolated to zero pressure (zero density). Over
this small range of pressure, these plots were linear. The largest extra-
polation was 3.8 Btu/lb and occurred at 4O°R. The smallest amounted to 0.1
Btu/1b and occurred at S5LO°R.

The data of Teble G-V are plotted in Figure G-4 in the
form in which they are stored and interpolated in the THERM 1 propertles
stbroutine, namely as the zero density internal thermal energy as & function
of temperature.

L, The Temperature Functions G and g and the Density Functions
Fand T

From the equation of state on which THERM 1 1is based, viz:

P=T(R% -fG) (1)
it can be shown that
Au =1u_ - u=Fg ' (2)
where by definition
. 8F
£ = dv (3)
and
_ 46
8= (k)
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Values of the isothermal change of internal thermal energy
(&u) were computed simply by subtracting from the zerc density internal thermal
energy at a given temperature the values at finite densities at the same tenm-
perature. Computations were mesde for temperatures of 4O°R, 50°R, 60°R, TO°R,
80°R, 100°R, 120°R, 140°R, 160°R, and 180°R using the internal thermal energy

and specific volume data of pp 78 to 139 of Reference G-l. The results are
plotted in Figures G-5 to G=T. : .

For all these ilsotherms the highest density indicated is
the highest given in Reference G-1. These are for a pressure of 5000 psia
except for the LO°R isotherm where the highest pressure tabulated is 4000
psia. For temperatures less than the critical temperature (59.37°R), each
curve ceases at the saturated liquid density and resumes again at the
saturated liquid density. However, the gap in the 60°R isotherm has another
origin. Data are not tabulated in Reference G-l for a small reglon sur-
rounding the critical point.

According to Equation (2) the curves of Figures G-5 to G-T
are aifinely related, that is, the ratio of the ordinates of any two curves
at equal values of density is the sam2 for all densities. That this is at
least spproximately so is evident from inspection of these figures. That
this is rather precisely so is illustrated in Figures G-8 to G-10. The iso-
thermal internal thermal energy changes for the various isotherms are plotted
against those for the 80°R isotherm at the seme values of density. According
to Equation (2) these should be straight lines, and indeed they are.

Again from Equation (2), the slope of these lines is equal to
the ratio of the value of g for the isotherm to the value of g at 80°R.
These ratios were plotted as & function of temperature, and it was observed
thet as the temperature approaches zero, g approaches a constant. (This
plot is affinely related to the plot of Figure G-1ll). This constant was
arbitrarily set equal to the unity, and g was arbitrarily defined to be
dimensionless. (To be consistent with this definition, the dimensions of
F must be identical to those of Au, viz., Btu/lb.) Combining these definitions
with the ratios of g yields the values of g plotted in Figure G-1l1. The
curve drawn represents the following equation:

g:]_—e ‘ (5)

where

a =379.3°R
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The temperature function G was cbtained by eliminating g between
Equations (4) and (5) and integrating the result to obtain

G=T 4 a-l e o (6)

(It can be shown that there is no loss of generality in setting the constant
of integration equal to zero as has been done). Equations (5) and (6) may
be rearranged as follows:

1n(1l - é) = ar (58)
(G ") = -ar - ln a (6a)

The three values each of the natural logarithms of (1l-g) and (G-r) given in
Table G-IV as functions of T, the reciprocal of temperature, were computed
from Equations (5a) and (6a). These dats are in the forms in which they are
stored and interpolated in the THERM 1 properties subroutine. In these forms,
both sets of three points plot as straight lines. As a result, the parabolic
‘interpolation subroutine employed in THERM 1 degenerates to linear inter-
polation. The net effect is that all values of g and G computed by means of
THERM 1 and using the data of Table G-IV satisfy Equations (5) and (6), res-
pectively.

Figure G-11 indicates that Equation (5) accurately fits the data
derived from Reference G-1 except for the TO°R and 80°R points. The somewhat
poorer fits at these two temperatures are believed to be attributable to the
two separate determinations of the constants of the equation of state employed
ih the preparation of the data of Reference G-l. These two separate deter-
minations yield discontinuities in the density and in the internal thermal
energy along the boundary between the two regions in which they are applied.
than the critical density. There are, of course, in reality no discontinuous
changes of properties along this isotherm. Note in Figure G-11 that if a
discontinuity is allowed at 60°R that it is possible to draw two separate smooth
curves pessing through all the data points. Based on these considerations,
the TO°R and B0°R data are not included in the remainder of the development.
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Values of the density function F were determined as follows. The value
of g for each isotherm was computed from Equation (5). Substituting these and
previously determined values of the isothermal change of internal thermsal energy
into Equation (2) then yields values of F. The results are plotted in Figure G-12
as the reciprocal of F versus the specific volume. As they shouwld (since F is
supposed to be & function of density only), the data for the various tempera-
tures from 40°R to 180°R all fall on the same curve.

For specific volumes equal or greater than O. T fY 3 /lb* > the data are
accurately represented by the straight line

Flem +0 (v ® 0.27 ft3/1b) (7

where

m = 0.020431 (1b/Btu) (1b/ﬁ;3)

b = 0.00136 (1b/Btu)

Combining Equations (3) and (7) ylelds the following equation for f
which is valid for specific volumes equal or greater than 0.27 /1o

f-l/2 - m-l/a

~
o2
~

(mv + Db) (v 2 0.27 ft3/1b)

For values of specific volume equal or greater than 0.27 ft3 /1b,
the reciprocal of F and the reciprocal of the square root of f were calculated
from Equations (T7) and (8), respectively. These are tabulated in Table G-VI
as functions of specific volume. In these forms in which they are stored and
interpolated in the THERM 1 subroutine, both sets of data plot as straight
lines. As a result, interpolated values of F and f satisfy Equations (T) and
(8), respectively, for specific volumes greater than 0.27 ft3/1b.

*The corresponding density is approximately twice the critical density.
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For specific volumes less than 0.27 ftj/lb the reciprocal
of F data were replotted with an expanded scale (Figure G-lbs, and the values
of Table G-VI were read from this plot. The differentiation of these data to
obtain £ (as indicated by Equation (3)) was performed graphically. A smoothed
plot of the results is presented in Figure G-1l4. The values of the reciprocal
of the square root of f given in Table G-VI were taken from this plot.

5. The Temgerature Functions G and g

A re-examination of the temperature functions (g) and (G)
indicates that they should be revised for temperatures greater than 180°R.
Accordingly, replscements for Table G-IV and Figure G-1ll and a description of
their preparation are presented herein.

The parahydrogen tables are based on the parahydrogen data
correlation of Reference G-l. This correlation is based principally on
pressure-specific volume-temperature data which are available for parahydrogen
only for temperatures less than 180°R. Accordingly, and properly so, the major
emphasis is to accurately reproduce the Reference G-l correlstion for tempera-
tures less than 180°R. However, the msnner described in Section G-III-A-4 of
employling the temperature functions g and G is equivalent to extrapolation of
the parahydrogen pressure-specific volume-temperature data to temperatures
greater than 180°R. It would seem more desirable to base the tables on the
normal hydrogen pressure-specific volume-~temperature data at temperatures
greater than 180°R. This in effect is done herein by determining the tem-
perature functions g and G from the parahydrogen tables for temperatures
greater than 180°R.

A somewhat simplified procedure (as compared to Section
G-III-A-k)is employed to determine g. Isothermal changes of internal thermal
energy (u_ -u), were computed exactly as described in Section 4; however,
only one ¥alue wes computed at each temperature from 200°R to 540°R in 20°R
increments. To provide maximum accuracy of the results, the state polnt
selected for each isotherm was at the highest pressure available, namely 1500
psia in all cases. Values of the density function (F) were taken from
Section G-III-A-4. The temperature function (g) was then computed from the

exnragagion

e e W b
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The results are presented in Figure G-15 in the form they are
erployed in the THERM 1 properties subroutine, namely, as the logarithm of
(1 - g) versus the recliprocal of temperature. Tgese data, which covgr the
renge of reciprocal temperature from 0.185 x 1072°R-1l t¢ 0.500 x 10-2°R-1,
were extrapolgted to yleld the two points at reciprocel temperatures of 0°R-1
end 0.1 x 10°°R"1. The remainder of the points freciprocal temperature
greater than 0.5 x lO'e’R‘l) are taken from Section G-III-A-4. The first
five of these points were taken directly from Section G-III-A-4. The last
point, at a reciprocal temperature gf 1.4 x 10-2°R-1, and another point off
the scale of the graph at 2.0 x 10" °R-1 were obtained by graphically smoothing
the Section G-III-A-4 results. This latter point and the data of Figure G-15
(except as noted on the figure) are alsoc presented in Table G=VII.

The temperature function (G) was obtained by integrating the
temperature function g by means of Simpson's rule.

Gm[gadr

where (t) 1s the reciprocal of temperature. The results are presented grephic-
ally in Figure G-16 and in tabular form in Table G-VII in the form in which
they are employed in the THERM 1 properties subroutine, namely, as the loga-
rithm of (G-r) versus (7).

In principle, any constant of integration may be employed
in determining G as the integral of g since only differences of G are em-
ployed in computing other thermodynamic properties. However, in practice,
one value 1s much more convenient than others. From Figure G-15, it can be
seen that at low reciprocal temperatures the logarithm of (l-g) is very closely
a straight line function of (7). Consequently, in this region

g==].-e-a"r

where (a) is a constant. Integrating to obtain G yields

o8t ,
+o—_— o+
G=r1 2 c

where c is a constant of integratlion. If this constant is chosen to be zero
then C
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in (G-171) =-a1-lna

Thus, “he logarithm of (G-1) will be very closely & linear function of T at
low values of T and approximately so for all values of T as seen in Figure G-16.
It can be shown that where g does not fit the above equation at all values of T

88 1s the case here, the equlvelent to setting the constant ¢ equal to zero is
to set

G(o)=_[)m (L-g)dr

This has been done in preparing the date of Figure G-16 and Table G-VII.

B. Thermal Conductivity and Viscosity Transport Properties

The development of the parahydrogen thermal conductivity and
viscosity datae employed In conjunction with the Marquardt SPORT 1 transport
properties computer subroutine is described and the data are presented in
graphical and tabular forms herein. .

The data correlations adopted for the transport properties sub-
routine are of the following forms: '

(T,p) = kp(T) + % (p)

]

w(T,0) = u (T) + 4w (p)
T P
The 1low pressure thermal conductivity, kT, and the residual thermal conductivity,

kp are based on the least squares equation fits of experimental data from
Reference G-11. The data presented hereln are derived from the numerical
results (Reference G-12) of the application of these equations.
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Equation (1) of Reference G-1l is & fifth order polynomial fit of
115 measurements from 25 gources of the low pressure thermal conductivity of
normal hydrogen. The majority of the data deviate less than 3% from this
equation. Equation (3) of Reference G-11 is a "lW-constant, skewed normal
equation” fit of 24 computed values of the ratioc of the low pressure thermal
conductivity of parahydrogen to that of normal hydrogen. Equation (5) of
Reference G-11 is an eighth order polynomial fit of limited and scattered
residual thermal conductivity data for normal hydrogen. The numerical results
of the application of these three equations are presented in Tables I, IV, and
IT, respectively, of Reference G-12. Low pressure thermal conductivities of
normal hydrogen (teken from Table I of Reference G-12) were multiplied by
ratios of parshydrogen to normal hydrogen conrductivity (teken from Table IV
of Reference G-12) to yield the low pressure parshydrogen conductivities
presented in Table G-VIII and Figure G-1T herein.* It is noted on page 2
of Reference G-12 that the thermal conductivities of parshydrogen and normal
hydrogen are equal in the liquid phase. From this and the fact that the low
pressure conductivity (kT) is negligible compared to the residual conductivity

(kp) in the liquid region for either form of hydrogen, it can be deduced that

the residual conductivities of the two forms are equal (at least in the liquid

region). Accordingly, the residual thermsl conductivity data of Table G-IX and
Figure G-18 herein are simply the normal hydrogen data of Table II of Reference
G"l2- ‘

The hydrogen low pressure viscosities (u,) of Table G-X and
Figure G-19 herein, and the hydrogen residual viscositi&s (up of Table G-XI

and Flgure G-20 herein were scaled from the experimental data correlations

of Figures 2 and 6 respectively of Reference G-8 and converted to engineering
units. The hydrogen ortho-paras compositions associated with the test data
on which the Reference G-8 correlations are based are not indicated in
Reference G-8. However, Reference G-13 states that the viscosity of hydrogen
is independent of ortho-para composition.

' The viscosity correlstions of Reference G-ll are not employed
herein because separate equation fits of the residual viscosity were made in
Reference G-11 for the liquid and gaseous regions. Employing two separate
equations results in discontinuities in the computed value of viscosity along
the boundary between the regions where the two equations are applied. Dis~
continuous changes of viscosity do, of course, in fact occur at the liquid-
vapor saturation line. (With a single residual viscosity equation these are
also predicted due to the discontinuous changes of density at the saturation
line.) However, the boundary can only be formed in part with the saturation
line. The result is the prediction of discontinuous changes of viscosity along
the remainder of the boundary which do not in fact exist.

- e aw wm . e = e

*The data of Table G-VIII are for every S0°R from O°R to 1000°R and for every
100°R from 1000°R to 3T00°R. Data from which these were computed are avail-
able in Reference G-12 for every 10°R from O°R to 3T40°R.
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C. Nomenclature

The nomenclature for Sections G-III-A and G-III-B is summarized
as follows:

a A constant, °R
b A constant, (lb/Btu)/(lb/ftB)
F A function of density, Btu/lb

’ 2
f A function of density, 1bf/in

G A function of temperature, °R T

-4 A function of tempersture, dimensionlgss

k Thermal conductivity, Btu/hr ft °R

m A constant, 1b/Btu

P Pressure, lbf/in2

T  Temperature, °R

u Internal thermal energy, Btu/lb

ug Internal thermal =nergy at zero density, Btu/lb

Au Isothermal internal thermal energy change, Btu/lb

o Specific volume, £t /1b
o Density, 1b/ft-
-1
T Reciprocal of temperature, °R
3
% A function of density, 1b/ft
H Viscosity, 1b/ft-nr
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G-IV. NITROGEN THERMODYNAMIC AND TRANSPORT PROPERTIES DATA

. A. Thermodynamic Data

The data sources and methods employed in the preparation of
nitrogen data for use in the Marquardt THERM 1 thermodynamic properties sub-
routine are described herein. Reference G-1l is the primary data source.

N This is, in part, responsible for the fact that thermodynamic properties com-
puted from the data described herein are in close agreement with those
tabulated in Reference G-1li. The same enthalpy datum as that employed in
Reference G-14 1s employed herein.

‘

Where conversion of units was necessary, one or more of the
following conversion factors wes employed.¥

1.800°R/°K

14.696 ( 1bf/1n2)/e.tm
0.019337 (1bt/10°)/(mm He)
144 1n2/..‘."t;2

778.26 £t 1bf/Btu
62.&28_(1b/ft5)/(gm/cm3)

28.016 gm/gm mol N,

1. Solid-Vapor Saturation Pressure and Temperature

The solid-vapor saturation pressures and temperatures of
Teble G-XII, excepting the triple point pressure, were obtained from the
equation given on page 361 of Reference G-15. There are no solid-vapor
saturation pressure data given in Reference G-1k. Such data are given in
Reference G-15. However, a plot of these data reveals that the point at
50°K (90°R) is in error by approximately a factor of ten.
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A triple point pressure of 1.815 psia was selected as a com-
promise between the 1.818 psia value of Reference G-15 and the 1.813 psia
value of Reference G-1l4. This compromise is necessary because the liquid-
vapor saturation pressures ard temperatures of Reference G-1li are employed
(See next section below).

The solid-vapor saturation pressure and temperature data of
Table G-XII extend from 90°R to 113.67°R, the triple point temperature
(pressures from 0.05800 psia to 1.815 psia). The data are plotted in the
lower portion of Figure G-21 in the form in which they are stored and inter-
polated in the THERM 1 properties subroutine, namely as the logarithm of
pressure as a function of the reciprocal of temperature.

2. Liguid-Vapor Saturation Pressure and Temperature

The liquid-vapor saturation pressures and temperatures of
Table G-XIII were obtained from Teble 2 of Reference G-1lk except as noted.
These data extend from 113.67°R, the triple point temperature, to 22T.0°R,
the critical temperature (pressures from 1.815 psia to 492.2 psia). The
Reference G-14 triple point pressure of 1.813 psia was not employed. Instead
(as noted above) a velue of 1.815 psia was selected as a compromise between
the Reference G-1k4 data and the Reference G-15 data employed for the solid-
vapor saturation pressure and temperature. The critical point pressure and
temperature are not given in Reference G-14 and hence were taken from page
350 of Reference G-15.

The data of Table G-XIII are plotted in the upper portion
of Figure G-21 in the form in which they are stored and interpolated in the
THERM 1 properties subroutine, nemely as the logerithm of pressure as a
function of the reciprocal of temperature.

3. Saturation Temperature and Density

Saturation temperatures and densities are presented in
Table G-XIV in order of increasing density. The density extends from the
region where the vapor may be considered o perfcct gas¥*, through the
critical density, and on up to the density of the liquid at the triple
point. Except as noted, the data were obtained from Taeble 2 of Reference G-1lbh.

*For densities less than the fi1-8t entry of the table, the perfect gas equation
of state rather than extrapolation of the table data was employed in the
THERM 1 properties subroutine.
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The critical density is not given in Reference G-1l4 and hence was taken from
page 139 of Reference G-16. There are no density data for the saturated
vapor at temperatures less than the triple point temperature. Such data

are required down to a temperature béyond which the saturated vapor may be
treated as a perfect gas. Consequently such data were estimated as described
in the following paragraph. ~

Saturated vapor densities were estimated by extrapolating the
saturated vapor compressibility factor as a function of temperature. The
compressibility factor was computed from the Reference G-1l4 data at the triple
point temperature and at several higher temperatures. A plot of these data
(Figure G-22 herein) was then extrapolated to lower temperatures. As the
temperature is reduced the saturated vapor compressibility factor asymptotically
approaches unity from below. This fact was employed as a guide in the graph-
ical extrapolation of the data. (Since the compressibility factor is 0.9926
at the lowest availsble date point (the triple point), the errors incurred
due to the extrapolation are expected to be substantially less than O.T74
(1-0.9926).) Values of the compressibility factor at 90°R and 108°R were
read from the graph and combined with the saturation pressures at these tem-
peratures (from Table G-XII) to yield the first two density entries in
Table G-XIV.

The data of Table G~XIV are plotted in Figure G-23 in the
form in which they are stored and interpolated in the THERM 1 properties
subroutine, namely as the saturation temperature as a function of density.

4. Internal Thermal Energy at Zero Density

The internal thermal energy at zero density is presented
in Table G-XV at every 10°R from 120°R to 240°R and at every 20°R from 2k0°R
to S4O°R. These date were cbtained by extrapolating the Reference G-1k
internal thermal energy to zero denmsity. This was accomplished by fitting a
parabolic equation to the inmternal thermal energy data at 1 reis, 1.81 psia,
ard 3 psia, thus,

+a P+ P2 : (1)
u = 8.0 al 8.2

where u is the internal thermal energy, 8, 8y and a2 are constants (for a

given temperature), and P is the pressure. Substitution of the points (1, ul) »
(1.81, ), and (3, w ) in the preceeding equation yields three simul-
.81 Yy

taneous algebraic equations for the constants a8 and a,e Solution of

2
these equations yields 1
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8, = D) + D) g% gy T Pt (2)
where
bl = 3.35185
4..81 = - 3,11236
b5 = 0,.T6051

At zero pressure (zero density)

u = g (3)

(o] Lo]

The largest extrapolation was 0.0501 Btu/lb and occurred at
120°R. The smallest amounted to 0.004 Btu/lb and occurred at 540°R,

The zero density internal thermal energy data of Table G-XV
are plotted in Figure G-24 in the form in which such data are stored and inter-
polated in the THERM 1 properties subroutine, namely as the zero density
internal thermal energy as a function of temperature. These data very pre-
cisely fit a straight line. Consequently only the two points of Table G-XVI
are actually employed in the THERM 1 propérties subroutine.

5. The Temperature Functions G and g

From the equation of state on which THERM 1 is based, namely
=T (y -£G) (%)
It can be shown that

Au =u - u = Fg (5)
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where by definition

a5 .
f=-a‘_\-r (6)
and
_4c
&= Ir (7

Values of the isothermsl change of internal thermal energy,
(Au) were computed simply by subtracting from the zero density internal thermal
energy at a given temperature the values at finite densities at the same tem-
perature. Computations were made at every 10°R from 120°R, at 260°R, and at
every 4O°R from 280°R to 520°R. The zero density internal thermal energies
were taken from Table G-~XV herein, and the internal thermal energies at finite
densities were obtained from the tables of Reference G-1lli. The results for
each isotherm are presented in Table 8 at pressures of 40O psia, 800 psia,
1200 peia, 1600 psia, 1800 peia, 2000 psia, 2500psia, and 3000 psia.

In addition to the data of Table G-XVII, the intermal thermal
energy change for saturated vapor and saturated liquid for each isotherm below
the critical temperature was computed. The internal thermal energies for
saturated vapor and saturated liquid were first computed by subtracting the
respective flow works (products of pressure and specific volume) from the enthal-
pies given in Table 2 of Reference G-1li. These internal thermal energies
were then subtracted from the zero density internal thermal energies of Table
G-XV to yield the imternal thermsl energy changes presented in Table G-XVIII.

The isothermal changes of internal thermal energy from
Tables G-XVII and G-XVIII are plotted versus density in Figure G-25.
(Specific volumes rather than densities are tabulated in Reference G-lli. Hence,
the equivalent densities were computed and are presented in Table G-XIX*).
According to Bgquation (5) the curves of Figure G.25 are affinely related,
that is, the ratio of the ordinates of any two curves at equal values of
density is the same for all densities. That this is at least approximately
8o is evident from inspection of Figure G-25. That this is reather precisely
80 is illustrated in Figure G-26. The isothermal internal energy changes for
the various isotherms are plotted against those for the 2L0°R isotherm at
the same values of density. According to Equation (5) these should be straight
lines, and indeed they are.

*In princ:l.ble a plot versus specific volume could serve exactly the same
purpose. However, in practice plotting against density has been found to
be much more suitsble. ’
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Again from Equation (5), the slope of each of these lines is
equal to the ratio of the value of g for the isotherm to the value of g at
| 240°R. (The densities for the two isotherms are equal at each point and there-
: fore the density functions (F) are equal at each point.)

(A“)T Fep &p

- - (8)
(), neon  FBouoor  Bolo°w

Ratios for temperstures of 200°R and greater were determined from slope measure-
ments and tabulated in the second column of Table G-XX.

For temperatures less than 200°R, it was necessary to employ
a somewhat different approach to determine the ratios. For temperatures less
than the critical temperature (227.0°R), there is & gap in the internal thermal
energy change extending from the saturated vepor density to the saturated
liquid density. This gap occurs in both Figures G-25 and G-26. Bach isothem
thus has two segments: A vapor segment near the origins of these figures and
a liquid segment in the upper right portions of these figures. In principle,
the vapor portions of these low temperature isotherms could be employed to
determine the ratios of the g function in the manner indicated for higher
temperatures in the preceding paragraph. However, the small internal energy
changes of these vapor portions of the isotherms renders the results very
sensitive to small errors in the internal thermal energy.

This then leaves the possibility of using the liquid portions
of the isotherms. However, in the case at hand this cannot be done directly
because the density range of the 240°R isotherm does not extend to high enough
densities. It was necessary therefore to determine the appropriate ratios
ty e somewhat indirect method. The retio of g at 190°R to g at 200°R was
determined simply by computing the ratio of the internal the 1 energy
change for these two isotherms at the same density of L4 1b/ft”. Thig den-
sity was selected in the range where the liquid densities of these two isotherms
overlap. The internal thermal energy changes at this density were scaled from
Figure G-25. The ratio of g at 190°R to g at 200°R cbtained in this menner
was then multiplied by the previously determined ratio of g at 200°R to g at
240°R to obtain the desired ratio of g at 190°R to g at 240°R which is tabu-
lated in the second column of Table G-XX. Similerly, the ratic of g at 190°R
weas determined by acali:g;the internal thermal energy changes from Figure G-25
at a density of 45 1b/ft’. This ratio was then multiplied by the ratio of
g at 190°R to g at 240°R to yleld the ratio of g at 180°R to g at 240°R
tabulated in Table G-XX. This process of determining the ratio of g on ad-
Joining pairs of isotherms by means of selecting & density in the overlapping
range was employed to work from isotherm to isotherm from 200°R down to 120°R.
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The values of g presented in column three of Table G-XX were
obtained from the ratios of g in column twd by arbitrarily defining g to be
equal to unity at zero temperature and to be dimensionless. (To be consistent
with this definition the dimensions of F must be identical to those of the
internal thermal energy, viz., Btu/lb.) It is possible to arbitrarily select
the value of g at one temperature because g occurs in the product (Fg) in
Equation (5). Note that if, for any existing tebulations of F end g, all the
values of the g tabulation are multiplied by an arbitrarily selected factor
and all the values of the F tabulation are divided by this factor, the values
of the internal thermal energy remain completely unchanged.

It was necessary to extrapolate the ratios of g at a given
temperature to g at 240°R to zero temperature in order to impose the arbitrary
condition that g is equal to unity at zero temperature. An approximate value
of the ratio of g at zero temperature to g at 240°R was first obtained by
plotting the g ratio data of column two of Table G-XX versus temperature and
graphically extrapolating. (This plot is affinely related to the plot of
Figure G-27.) This value was then refined based on the observation that, at
least at high temperatures, the temperature function (g) can be accurately
represented by the following equation:

g - l - e-a'r (9)

where a is a constant and v 1is the reciprocal of temperature. According to
this equation, a plot of the logarithm of (1-g) versus T should be a straight
line passing through the origin. (Note that zero on the linear scale corres-
ponds to unity on a logarithmic scale since the logarithm of one is zero. )
The approximate ratio of g at zero temperature to g at 24O°R was divided into
cach of the g ratios of column two of Table G-XX to yield tentative values of
g as a function of temperature. These values were then plotted in the form
suggested by Equation (9) and illustrated in Figure G-28. Several values of
the ratio of g at zero temperature to g at 24O°R were tried to find the value
which most nearly caused the high temperature data to plot as a stralght line.
A value of 1.160 was ultimately selected. Consequently, each of the values
of g tabulated in column three of Table G-XX is equal to the corresponding
column two ratio divided by 1.160.

The values of g s0 obtained were smoothed by means of the two

straight line fits of the logarithm of (1l-g) versus reciprocal temperature
illustrated in Figure G-28. The equations of these lines are:
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-C.T ’ -20 -1
g = 1l-e 1 T < 0.4365 x 10" °°R (10)
and
_ -C,T “2op-1
g = l-cje 2 > 0.4365 x 10" °°R (11)
where
- o
c) = 479.63°R
02 = 18905°R
c3 20

The temperature function (G) was obtained by eliminating g
between Equations (7) and (10) and between Equations (7) and (11) and in-

tegrating the resulting two equations to yield

e-cl'r

G=1 + S + )
1
c3e"<:2'r
G=1 + S
2
where
\
N AAATAL Oh-l

"14» = VeUUUDY4

T < 0.4365 x 10

T > 0.4365 x 10™2eR

Cog~t (12)

- (13)

The constant of integration for Equation (15) was arbitrarily chosen to be
zero 50 that the logarithm of (G=T) would be s straight line function of T
in the range of validity of Equation (13). The constant of integration of
Equation (12) (cu) was then selected such that Equations (12) and (13) yield

“2og-l,

the same value of G for T equal to 0.4365 x 10
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The values of the temperature functions G and g presented in
Table G-XXI and plotted in Figures G-28 and G-29 were computed from Equations
(10) through (13). These data are in the form in which they are stored and
interpolated in the THERM 1 thermodynamic properties subroutine, namely as
the logarithms of (1l-g) and (7-G) as functions of T, the reciprocal of tem-
perature.

6. The Density Functions F and f

Values of the density function (F) were determined as follows.
Smoothed values of the temperature function (g) were first computed by means of
Equations (10) and (11) for each of the isotherms employed in the determination
of the temperature functions (es described in the preceding section). The
smoothed values of g are tabulated in the fourth column of Table G-XX. Dividing
the isothermal internal thermsl energy changes (Au) taken from Teble G-XVII
into the corresponding values of the temperature function (g) yields, per
Equation (5), the reciprocals of the density function (F) tabulated in Table
G-XXII. These reciprocals of F are plotted in Figure G-30 against the
corresponding values of specific volure taken from the tables of Reference
G-14. As they should (since F is supposed to be a function of density only)
the data for the various temperatures from 120°R to 520°R all fall on the same
curve.

For specific volumes equal to or greater than 0.037T* ftj/lb,
the data are accurately represented by the following stralght line:

F ooy + o, v > 0.037 ££°/1b (1%)
where

= 0.49hT (lb/Btu)/(ftB_/lb)

R
i

]
I

= 0.00331(1b/Btu)

The data for lower specific volumes are replotted in Figure
G-31 with greatly expanded scales. The following equation was fitted to these
data and is plotted in Figure G-31

*The correspording density is approxirately 1.4 times the critical density.
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-1 -, V
F = = @V +a, - oge N | (15)

where al and oz2 have the same values as indicated above and

o 0.02625 1b/Btu

3
160 1b /ft:3

i

&y

For specific volumes greater than 0,057 ftj/lb, the exponential term in Equation
(15) becomes negligible and Equation (15) therefore reduces to Equation (14).
Equation (15) was therefore employed throughout the entire range of specific
volumes in the calculation of the values of the reciprocal of the density
function (F) presented in Table G-XXIII.

Values of the density function (f) were cbtained from the
density function (F) as follows. From Equation (6) it can be shown that

ta)
-1 -1
£ =4(F ) (16)
dv
Differentiating Equation (15) yields
ﬂﬁl = +a, a ey (17)
av. - % 3 "k

Values of the derivative, calculated from Equation (17) and of F l, cal-
culated from Equation (15), were substituted into Equation (16) to yield the
reciprocal of the square root of the density function (f) tabulated in

Table G-XXIII. (It should be noted that F and f are not dimensionally con-
sistent and that a conversion factor is therefore employed in this computation.)
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The density functions F and f are presented in Table G-XXIII
ant. in Figures G-31 and G-32, respectively, in the forms in which they are
stored and interpolated in the THERM 1 properties subroutine, namely, as the
reciprocals of F and of the square root of f versus specific volume. For
specific volumes beyond the ranges of Figures G-31 and G-32, these plots are
straight lines.

B. Thermal Conductivity and Viscosity Transport Properties

The origin of the nitrogen thermal conductivity and viscosity
date employed in conjunction with the Marquardt SPORT 1 transport properties
subroutine is described and the date are presented in graphical and tabular
forms.

The data correlations adopted for the transport properties sub-
routine are of the following forms:

k (T, p) =Xy (T) + % (p)

b (T, p) = by (T) +u, (p)

The low pressure thermal conductivity (kp) end the low pressure
viscosity (p ) were obtained by converting the units of the one atmosphere
data of pageg 358 and 357 of Reference G-15. 1In both cases, an additional
point of zero at zero temperature has been added to the Reference G-15 data.
Conversion factors were obtained from page 315 of Reference G-15. The low
pressure themal conductivity data are presented in Table G-XXIV and Figure G-33
herein. The low pressure viscosity data are presented in Table G-XXV and Figure
G-34 herein.

The residual thermal conductivity (k,) was obtained from the
correlation of Reference G-17 as presented in nondgmensional form in the table
beginning on page 27 therein. The results of applying this general (to the
extent of nonpolar substances) correlation to nitrogen are presented in
Table G.XXVI and Figure G-35 herein.

The residual viscosity (u ) was obtained from the correlation
of Reference G-9 as listed under the cogumn heading "Figure 1" of the table

on page 61 therein. The results of applying this nondimensional, general

(to the extent of nonpolar substances not displaying significant quantum
effects) correlation to nitrogen are presented in Table G-XXVII and Figure G-3%6
herein. :
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C. Nomenclature

% The nomencleture for Sections G-IV~A and G-IV-B is summarized

as follows:
\ a A constant, °R
8, A constant, Btu/lb
a, A constant, (Btu/lb)/(1bf/in%)
a, A constant, (Btu/Ib)/(1bf/in 2
bl A constant, dimensionless
bl.81 A constant, dimensionless
b5 A constant, dimensionless
¢y A constent, °R
s A constant, °R
Cj A constant, dimensionless
ey, A constent, °g~!
- F A function of density, Btu/lb
f A function of density, lbf/in2
G A function of temperature, ™1
g A function of temperature, dimensionless
X Thermal conductivity, Btu/hr ft °R
P Pressure, lbf/in2 .
T Temperature, °R
u Internal thermal energy, Btu/lb
u Internal thermal energy at zero density, Btu/lb
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Lu Isothermal internal thermal energy change, Btu/lb
v Specific volume, ft3/1b

T Reciprocal of temperature, og~L

- ¥ A function of density (R #), 1bf/in.2)/°R

oy A constant, (1b/3tu)/(ft5/1b)

o, A constant, 1b/Btu

ot A constant, 1b/Btu

@) A constent, lb/:?t3

" Viscosity, 1b/ft-hr
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PARAHYDROGER SATURATION PRESSURE AND TEMPERATURE

TRIPLE  POINT —

TRIPLE  POINT ——;

CRITICAL POINT

TABLE G-I AND TABLE G-II

TABLE G-l : SOLID - VAPOR

(R)

l 144 . __ _+02].
162 +02
180 +02

L 198 +02}
216 +02
234 +02

24863 .. +02

B 5T |

psia

1033 -01
3707 -01
1076 . #00.. ]
2665 +00
5826 +CO
10228 #0114

TABLE G-Il : LIQUID- VAPOR

' TEMPERATURE |  PRESSURE
__ (psia)

- 24863 +02| 10228 +01 __
34260 +02] 10 +02
36603  +02} 15 +02

" 38436,  +02|l 20 ___ . +02__
41291 +02] 30 +02
43529 +C2] 4C +02

_ 45400  +02| 50 . +02
47022  +02f 6C +02
48464 +c2| 70 +02

49768  +C2l 80 _ ____ +Q2 |
50962 +02| 90 +02
52067 +c2| 1c0 +03

54062 402|120 +0Q3 |
55832 +02] 140 +03
57424 +02| 160 +03

| 58860 +02] 180 _+03 |
59371  +02| 18767 +03
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TABLE G-III
PARAHYDROGEN SATURATION TEMPERATURE AND IENSITY

oensity | ewemarune |
La/FT3 "R
F [-28203.. -oaf144 . __s02._
119862 -03j162 02 -
38734 -03[180  +02
1102422 _-02| 198 . . +02...
23060 -02|216  +02
4125 -02|234  +02
TRIPLE POINT -7850 .. .-C2| 24863 #02..
860 -02/252  +02
138 -01j270  +02
210 ...~01|282. . . +02..
306  -01306 02
429 . -01l324 02

592139 =01} 3426 .....¢02_]
g 8352322 -01]366C3 +02
1107505 +005 384346 402
.1612097 +CQ1 41291 . 202 .
2118599 +00]| 43329 +02
2633172 +00] 45400 +02
.31601396.¢00] 47022.. .+02
3702743 +C0] 404064 02
4264028 ¢00| A9T768  +02
4861544..+400] 50962 . . +02. |
5406132 +00] 52067 +02
675899 +00] 54062 +02
.8235197.400] 556832... .+02..

9936406 +00] 57424 ¢02
13600 +01]508860 ¢02
CRITICAL POINT 19212 .. #01]1.99371 . +02 |

2513826 +01] 58860 +02
2901915 +01]| 57424 ¢C2
3153579 +01]85832....¢02 ..
336134 +01]84062 +02
3548616 +01] 52067 +02
3637686 +01]1.50962__. _+02 .
3727171 +01] 49768 +02

S | 3816793 +01| 48464 +02
3 | 39077116 _+Cll 41022 . +02 .
= ] 40032C2 +01] 45400 +02
410340 +01}43529 +02
.421229_._ 201} 41291 . +02
433239 +01]3843¢ +02 -
441306 +01|36503 +02
450247 +G1|34260 . +02 .
4570 +011324 +02
4709 +01] 2838 +02
TRIPLE POINT —+ 4862 +01124863 . +02 .
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TABLE G-IV

PARAHYDROGEN TEMPERATURE FUNCTIONS (G AND g)

ECIPROCAL OF
TEMPERATURE | In (G-1/T)

.-‘

R

0 +00-593836 +01] 0
1 0973136 +01F3793 +o#
2 ~01- 135243~ +034 7586 +0
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PARAHYDROGEN INTERNAL THERMAL: ENERGY AT ZERO DENSITY

TABLE G-V

.. VEMPERATURE
®
R

40 .. ... 202.
60 +02
80 +02
.. 100 _ 403
120 +03
1 140 +03,
L. 16C_.._ .403
180 +03
200 +03
220 ... _.&03!
240 +03
260 +03
-280... . _ +03
300 +03
320 +03
1340....... +03
360 +03
380 +03
. 400.....  +03
420 +03
440 +03
.460... .. 203
480 +03
500 +03
.520.... _+03.
540 +03

6013 ... .
8910
11863
14864. ..
17991
21366
25121
29320

22072

L A Y
BAA LN

35030
44418
50040
55810
61635
67480
73288
19042
84715
20296
95796
101215
106555
111835
117064

122243

127387

. INTERNAL ENERGY
BTU/LB '

202 .
+02
+03

+03. |

+03
+03
+03
+03
+03
+C3
+03
+03

- +03

+03
+03
+03.
+03
+03

+03. . .

+03
+04

+C4.. .}

+04
+04

+04

04 ..

UNCLASSIFIED



UNCLASSIFIED

m g '
%rquam'/

Report 6099

XRIVRATN IS

TABLE G-VI

PARAHYDROGEN DENSITY FUNCTIONS (F AND f)

| SPECIFIC Fe! g =1/2
VOLUME

3 7 1) | (b 7 Bru) |(in.221b6) /2
19 +00} 5620 -02| 3467 -0l
20 +00l 5688  -02] 2566 -01
21 +00| 5797 -02| 2245 -o01
22 +00| 5936 -02| 2086 -01
23 _ 00y 6095  -021 1978 -0l
24 +00] 6290 -02} 1936 © -o01
25 +00| 6484 -02| 1952 -01
26 400y 6676  -02] 2000 -0l
27 +00] 6876 -02] 2069 -01
28 +00] 7080 ~02| 2131 -o01
29 +o00 7285 _ -02| 2192__ -0l
30 +09 7489 ~02| 2254 Zo1
32 +00| 7893 -02| 2377 -01
36  +00l 8715  -02| 2623 -01
44 +00l 1035 -o1f 3114 -0l
60 +n0| 13619  -01] 4098 -01
90 +00| 19748  -01] 5943  -01
15 +01} 32006 -01] 9532 291
4 2¢ +01] 60610 -01} 18747  +0
50  +01] 103515 +00 31151 _ +0
10 +02| 20567  +00] 6169249 +0
20 +02| 40998 ' +00| 123375 +0
40 +02| 81860 ' +00| 2463436 +01
80 +02] 163584 +01 492278 +01
160 +03] 327032 +01| 984146 +01
1320 +03] 653928 +01] 1967884 +02
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TABLE G-VIT

PARAHYTROGEN TEMPERATURE FUNCTIONS (G AND g)

174521
5000 ~0g-773745 +0i-184581 +01
| 5555 ~024-793280 +04-2097iz +01
6250 —-0Z-817048 +01-241679 +01
1 7142 -02-843751 +01-281260 +01
8333 -02-87599¢ +01-321889 +01
1000 ~01-919550 +0L-368890 +01
1400 . ~-01-1018327 +02-468770 +01

2000 —01}-1165226 +04-616443 +01
i
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TABLE G-VIII

PARAHYDROGEN LOW PRESSURE THERMAL CONDUCTIVITY

| TEMPERATURE | CONDUCTIVITY TEMPERATURE | CONDUCTIVITY
*R | Ky _ *R kit

e

] o I . .
o +00|0 +00 1400 +04| 2307447 -00
5 +0211154067 -01} 1500 +04| 2450748 -00
100 +03 |2285466 -01 1600 +04]| 2596388 -00
150 +03 (3552210 -01 1700 +04) 2744734 -00
1 200 +03 /5050313 -01 1800 +04}| 2896032 -00
oo 250 +03 |6556411 -01 1900 +04| 3050418 -00
300 +03 (7687451 -01 2000 +04{ 3207925 -00
350 +03 |8421819 -01 12100 +04| 3368488 -00
400 +03 (9116339 -01 | 2200 +04]| 3531954 -00
450 +03 /9946319 -01 2300 +04| 3698084 -00
500 +03 /1073838 =00 ~ 2400 +04] 3866566 -00
550 +03 1135737 -00 2500 +04]| 4037019 -00
600 +03 |1189426 ~-00 2600 +04| 4209002 -00
650 +03 |1248214 -00 2700 +04} 4382017 -00
700 +03 {1315236 -00 2800 +04| 4555522 -00
750 +03 (1386936 -00 2900 +04| 4728933 -00
800 +03 [1459804 ~00 3000 +04|4901633 -00
850 +03 {1532300 -00 3100 +04|5072981 -00
900 +03 /1604080 ~00 3200 +04(5242316 -00
950 +03 {1675198 =00 13300 +04|5408967 -00
1000 +04 {1745796 -00 3400 +04{5572256 -00
1100 +04 ]1886005 -00 3500 +0415731510 -00
1200 +04 2025769 -00 3600 +04 (5886065 -00
1300 +04 |]2165995 -00 3700 +04 |6035275 -00
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.TABLE G-IX

HYDROGEN RESIDUAL THERMAL CONDUCTIVITY
(Independent of Para-Ortho Composition)

! -

DENSITY CONDUCTIVITY DENSITY CONDUCTIVITY
LB/FT3 Ko | LB/FT3 Kpo
BTU/HR-FT-"R ; BTU/HR-FT-"R
0 +00} 0 -00 24  +0}] 3538822 -Q1|
1 +00] 1526786 -02 25 +01} 3660819 -01
2 +00| 3546648 -02 26 +0l] 3784472 -01
3 +00| 6061064 -02 27 +01} 3909047 -01
N4 +00| 8753490 -02 28 +01 4034006 -O1
3 +00] 1140901 -01 29 +0ll 4158995 -01
6 +00| 1389245 =01 30 +01 4283887 -0l
7 +00} 1612975 -01 31 _+0l} 4408743 -01
8 +0 0 9 - 57 +01f 4533790 -01i1
9 +00 :37:§;o 43{ 33 +0l] 4659377 -01
10 +01] 2122900 =01 34 +01 4785941 -01
11 +01] 2246710 -01 35 +0Y 4913927 -01]
12 +01] 2354257 -01 36 +01] 5043810 -01
13 +01] 26450143 -01 37 +01f 5176013 -01
14 +01} 2538721 -01{ 38 ~ +0) 5311038 -01
15 +01} 2623843 -01 39 - +01 5449428 -01
16 +01} 2708708 ~01 40 +01} 5591926 -01
17 +01] 2795791 -01 41 +01| 5739653 -01
18 +01]| 2886832 -01 42 +01] 5894591 -01
19 +01} 2982887 -01 43 +01} 6059707 -01
20 +01| 3084403 -01 44 +01] 6239886 -01
21 +01] 3191318 -01 45 +01] 6442093 -0l
22  +01] 3303190 -01} 46 +01} 6677084 -01
23 +01] 3419307 -0]) 47 +01] 6959444 -01
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TABLE G-X

HYDROGEN LOW PRESSURE VISCOSITY

(Independent of Para-Ortho Composition)

1 23976 +04] 59445

TEMPERATURE . VISCOSITY
oR /&{7‘

LB/FT-HR
5994 +01} 45661 -03
8991 +01] 67199 -03
11988 +02] 89167 ~-03
17982 +02] 13354 -02
2997 +02] 21753 -02
47952 +02] 34461 -02
5994 +02} 43076 -02
8991 +02] 62460 -02
11988 +03] 77968 -02
17982 +03] 10726 -01
23976 +03] 12923 -01
35964 +03] 17101 -01
5994 +03] 23692 -01
11988 +04| 37476 -01
17982 +04| 49537 -01
-01
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TABLE G-XI

HYDROGEN RESIDUAL VISCOSITY
(Independent of Para-Ortho Composition)

DENSITY VISCOSITY
LB/FT3 2
. LB/FT-HR
Fh
10613 -00| 2904 -04
124 ~00| 38 -04
187 -00} 71 -04
249 -00| 11 -03
312 -00} 159 -03
374 -00} 213 -03
435 -001 271 -03
499 -00( 334 -03
s61 -00]| 399 -03
624 ~-00[ 471 -013
749 -00] 629 -03 ]
874 -00| 798 -013
999 -00| 1016 -02
11237  +01}1210 -02
12486 +01| 1452 -02
15607 +01l213 -02
18729 . +01} 2976 -02
21850 +01) 387 -02
2497 +01] 496 -02
28094 +01]6413 -02
31215  +01}7986 -02 |
37458 +01}1258 -01
40580 +01|16698 -01
4370 +01 (2299 -01
] 46823 +01 | 3509 -01
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NITROGEN SATURATION PRESSURE AND TEMPERATURE

TABLE G-XIl : SOLID - VAPOR

s

TEMPERATURE PRESSURE
[}
9000 +02]15800 -01
9909 +Q02]26064 -0C
10800 +03]91294 =00
TRIPLE POINT emmeed 11367  +03]1815  +01
— I

TABLE G-XIill : LIQUID - VAPOR

TlHPlMTiMF

PRESSURE
(*a) (rS1A)
hY

TRIPLE POINT = 1136 +03 1815 = +01

| 120 +03[3337 .01,
130 +03 17654 +01
140 +03 |15425% +Q2
1%0 +03 28120 +02
160 +03 |67383  +02
170 +03 [74991  +02
180 +03/ 112808 +03
190 +03| 162761 +03
200 +03| 226853 +03
210 +03/307276 +03

CRITICAL POINT §§$ H Pro4adie-

- +03] 4922 ¢
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TABLE G-XIV

NITROGEN SATURATION TEMPERATURE AND DENSITY

30 +02
68965 -02}99 +02
22154 -Cl]|1l08 +03
TRIPLE POINT —$=§419S -01{11367 +03
_ 17359 -C1]120 +03
1577 -00] 130" +03
3006 -00]140 +03
5244 -00}150 +03]
8560  -00]160 +03
1326¢ +01]170 +03
1991¢ +011180 +03
29112 +01]190 +03 }
g 42017 +Cl]200 +03
61013  +01]210 +03
17700  +011218 +03
93023 +0l1]220 +03
10288 +02}222 +03
1153&° +02122% ~ %03}
13245 +02]226 +03
163289 +02|22675  +03
CRITICAL POINT*' 194128 +02]227 +03
228434 +02{22675 +03
26274  +02]226 +03
28129  +02[224 ~"+03
29577  +024222 403
30779 +02]220° "7 T+03
327716 +02]216 +03
o 35149 +02]210  +03
5 38270 +C2 |200 +03
= J«o0833 +02 1190 +03
43048 +02]180 ~ +03 }
48065 v02 [IT0 +03°
46904 402|160 . +03
48638 +02|150 +03
80276 +02 140 = <03
5184C +02 130 +03
53333 402|120 +03
TRIPLE POINT~2-{ 5. o 11367 7 +03
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TABLE G-XV
NITROGEN INTERNAL THERMAL ENERGY AT ZERO DENSITY

Temperature Internsl Energy
(°R) (Btu/1b)
120 86.1141
130 87.8850
ko _ - 89.6557
150 91.4263
160 93,1968
170 9k .9679
180 96.7381
190 98.5091
200 100.280
210 102,049
220 103.821
230 105.593
2ko 107.361
' 260 110.903
g 280 114 bl
300 117.989
320 121.529
340 125,070
360 128.615
380 132.157
Loo 135.701
k20 139.242
k4o 142.7186
L60 146.326
480 149.868
200 153.k12
| 520 . 156.953
540 160.499
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TABLE G-XVI

NITROGEN INTERNAL THERMAL ENERGY AT ZERO DENSITY

TEMPERATURE | |NTERNAL ENERGY
R BTU/LB

120 +C3 861141 +02

520 +03 156953 +03

UNCLASSIFIED
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TABLE G-XVII
NITROGEN INTERNAL THERMAL ENERGY CHANGE
Internal Thermal Energy Change (Btu/1b)
Pressure (psia)
Temp.
(°R) 400 800 1200 1600 1800 2000 2500 3000
120 |83.4448] 83.8559] 84.24k41 | 84,6116 | 84,7881 -- -- -
130 |80.3679| 80.8615| 8L.32u6 | 8L.7605 | 81.9691 | 82.1718 | 82.6550 | 83.10T2
140 | 77.3152) TT7.9020 | 78.4475 | 78.95T1 | 79.1997 | 79.4348 | 79.9925 | 80.5116
150 | 74.2970 | Th.9941 | 75.6343 | 76.2264 | T6.5065 | T6.TT69 | TT.41LT | T8.0040
160 |T1.2735] 72.1068]| 72.8599 | 7T2.5474 | 73.8700 | T4.1800 | T.9060 | 75.5T12
170 |68.1646} 69.1736 | T0.0655 | 70.8663 | T1.2384 | T1.5939 | 72.4193 | 73.16T9
180 |64.8636| 66.1108 | 67.1795 | 68.1184 | 68.5490 | 68.9576 | 69.896T | T0.7385
190 |61.2546| 62,8471 | 641447 | 65.2608 | 65.7621 | 66.2337 | 67.3046 | 68.2512
200 |[57.3188| 59.4630 | 61.0901 | 62.4217 | 63.0100 | 63.5573 | 64.7822 | 65.8478
210 |52.7230| 55.9155 58.0213‘ 59.6434 | 60.3401 | 60.9798 | 62.3861 | 63.5870
220 |16.2036| 52.0925| 54.968k | 56,9852 | 57.8194 | 58.5T25 | 60.1937 | 61.5486
230 |12.5851| 46.9453 | 51.2302 | 53.8000 | 54.8103 | 55.7036 | 57.5793 | 59.1093
240 |10.7609 | 39.5020 | 46.8483 | 50.2095 | 51.4460 | 52.5120 | 54.6879 | 56.4153
260 8.585 | 23.1224 | 37.1766 | 43.0149 | 44.8773 | 46.3973 | 49.3160 | 51.50U6
280 | 7.220 | 16.9924 | 28.2113 | 35.8662 | 38.4143 | 40.4533 | 44.2256 | 46.9335
320 5.497 | 11.801 | 18.603 | 24.9678| 27.7171 | 30.1403 | 34.9671 | 38.5268
560 L.hek $.1T4 | 14%.08% | 18.854 | 21.089 | 23.180 | 27.792 | 31i.5255
Loo 3.683 T.506 11.372 | 15.145 16.955 | 18.696 | 22.69T7 | 26.1T0
Yo | 3.128 | 6.333 | 9.526 | 12.642 | 14.150 | 15.615 |19.058 | 22.161
480 2.718 5.457 | 8.174 | 10.825 |[12,113 | 13.371 | 16.364 | 19.119
520 2.388 4. 779 T.141 | 9.445 | 10.567 | 11.667 | 1u4.301 | 16.758
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NITROGEN SATURATED LIQUID AND SATURATED VAPOR

TABLE G-XVIII

INTERNAL THERMAL ENERGY CHANGE

Temperature |IteT2L Thernal Energy Change (Btu/1b)
(°R) Vapor Liquid
120 0.167h 83.0127
130 0.3698 79.8503
140 0.7084 T6 . TO65
150 1.2249 73.5883
160 1.9626 TO455T
170 2.9766 67.2308
180 4.3292 63.8120
190 6.1187 60.0937
200 8.5129 56 .0938
210 11.8315 51.6055
320 17.0392 | 45.9301
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TABLE G-XIX
NITROGEN DENSITY
Density (1b/ft>)
Pressure (psis)

Temp.

(°R) 400 800 1200 1600 1800 2000 2500 3000
120 |53.590 |53.858 |[54.112 |54.37T7 |[54.495 -- -- --
130 | 52.164 |52.493 |52.7T0 |53.078 |53.219 [53.362 |53.676 |53.995
140 | 50.658 |51.046 |5L.387 |[51.733 |[51.804 |52.056 |52.411 |[52.7T0
150 | 49.091 |L49.529 [49.950 |[50.352 [50.531 |50.710 |51.151 [51.546

| 160 {u7.438 [u47.962 |u8.473 |Lu8.924 |u9.1k0 |49.334 |49.826 [50.302
170 | 45.662 |46.339 | 46.926 |bT7.461 |4T7.T10 |47.962 |uB.520 |L9.Okk
180 [43.763 |LL.583 [Lu5.310 |45.955 |[L46.253 [U46.533 |[47.1T0 |[47.755
190 | 41.631 | 42.716 | 43.611 | L4k4.385 |uk.723 |U45.065 |U45.808 |46.L68
200 {39.139 |L0.666 |L41.806 |L42.735 [L43.159 [u43.535 |Lh.bOS [45.167
210 | 35.984 [38.329 {39.856 |41.0L7 |4l.511 |[L41.964 |L42.9Th [43.840
220 | 8.8043 |35.561 | 37.707 |39.184 [39.793 [40.338 |[k1.511 |[42.480
230 | 6.9391 {31.979 | 35.286 | 37.216 |37.965 |38.625 |L40.000 {41.118
2ko | 6.0522 |26.61T | 32.509 | 35.100 |36.036 [36.832 |38.L447 |39.730
260 | 5.0238 | 14.675 |25.680 |30.358 |31.826 {33.003 |35.236 |36.886
280 | 4.3878 |10.853 |19.201 |25.316 |[27.352 |28.969 |31.918 |34.002

320 | 3.5852 | 7.9088 | 12.857 |17.734 }19.987 [21.815 }|25.641 |[28.441
360 | 3.0727 { 6.481|10.129 113.78s 115.525 117.179 [20.82h 123.793
Loo | 2.7058 | 5.5778 | 8.5441 f11.49k |12.925 {14.310 |17.510 |20.296
bho | 2.4258 | 4.9831 | T.4716| 9.9770 |11.198 }12,387 |15.195 |L7.727
480 | 2.2030 | 4.W416| 6.6800 | 8.8786 | 9.9502 ]10.999 |13.497 |15.795
520 | 2.0205 | 4.0505| 6.0639 | 8.0341 | 8.9952 } 9.937h {12.194% |1k4.294
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TABLE G-XX
——
NITROGEN TEMPERATURE FUNCTION, g

Temperature (Au)T g* | .
(n) . | ®auom e
(0) (1.160) [ (1.0000) | (1.0000)
120 1.0961 | 0.9449 | 0.9%19
130 1.0843 0.9347 0.9343
140 1.0762 0.9227 0.9271L
150 1.0679 | 0.9206 ‘| 0.9206
160 1.0602 | 0.9139 0.9137
170 1.0528 0.9076 0.90T4
180 1.0467 | 0.9023 0.9016
190 1.0379 0.8047 0.8959
200 1.0307 | 0.8885 | 0.8906
210 1.0259 0.8844 0.8858
220 1.0235 | 0.8823 0.8808
230 1.0138 | 0.8740 | 0.8756
240 1.0000 | 0.8621 | 0.8644
260 0.9786 | 0.8436 | 0.8420
280 0.9500 | 0.8190 | 0.8197
320 0.9000 | 0.7759 | 0.7766
360 0.8514 | 0.73%0 | 0.7361
400 0.8080 | 0.6965 | 0.6985
440 0.7660 | 0.6603 | 0.6638
480 0.7240 | 0.6241 | 0.6318
520 0.697T1 | 0.6009 0.6024

*Data as determined directly from NBS TN 129 A.
*¥Smoothed values of date determined from NBS TN 129A.
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TABLE G-XXI
NITROGEN ‘TEMPERATURE FUNCTIONS (G AND g)

RECIPROCAL OF
TEMPERATURE In (G-1/T) In (1=g)

T
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TABLE G-XXII
RECIPROCAL OF THE DENSITY FUNCTION F
Reciprocel of F (1b/Btu)

‘i'emp. Pressure (psia) '

(°R) 400 800 1200 1600 | 1800 | 2000 | 2500 | 3000
120 | 0.01128 |0.01123 | 0.01118 {0.01113 |0.01111 -- -- --
130 | 0.01163 [0.01155 | 0.01149 {0.01142 |0.01140 |0.01137 |0.01130| 0.01124
140 | 0.01199 |0.01190 {0.01182 |0.01174 |0.01171 [0.01167 |0.01159| 0.01152
150 | 0.01240 | 0.01228 | 0.01217 ]| 0.01207 }0.01203 |0.01199 |0.01189| 0.01180
160 | 0.01282 [0.01267 |0.01254 |0.01242 [0.01236 |0.01232 |0.01219| 0.01209
170 | 0.01331 |0.01312 [0.01295 | 0.01280 {0.01274 |0.01267 |0.01253 | 0.01240
180 | 0.01390 | 0.01364 |0.01342 | 0.01323 |0.01315 |0.01307 |0.01290| 0.01275
190 | 0.01463 |0.01425 }0.01396 | 0.01373 |0.01362 {0.01355 {0.01331| 0.01313
- 200 | 0.01555 |0.01497 | 0.01458 | 0.01k2T |0.01413 |0.01401 [0.013T4| 0.0135R
210 | 0.01679 {0.01584 |0.01526 | 0.01485 [0.0146T |0.01452 |0.01420) 0.01393
220 | 0.05435 | 0.01691 | 0.01602 | 0.01546 |0.01523 |0.01504 |0.01463 | 0.01431
230 | 0.06957 | 0.01865 |0.01709 {0.01627 {0.01597 |0.015T1 | 0.01521] 0.01481
240 | 0.08033 | 0.,02188 | 0.01845 | 0.01721 |0.01680 |0.01646 |0.01581| 0.01532
260 | 0.09808 | 0.036L41 | 0.02264 | 0.01957 |0.01876 {0.01815 |0.01707| 0.01635
280 | 0.11353 | 0.04823 [0.02905 | 0.02285 | 0.02133 |0.02026 |0.01853 | 0.017k6
320 { 0.14128 | 0.06581 | 0.04175 | 0.03110 |0.02802 |0.0257T |0.02221| 0.02016
360 | 0.16639 | 0.08024 | 0.05226 | 0.03904 [0.03490 {0.03174 |0.02649 | 0.02335
4oo | 0.18965 | 0.09306 |0.061k42 | 0.04612 |0.0k119 |0.03736 |0.0307T| 0.02669
440 | 0.21154 | 0.10482 | 0.06968 | 0.05251 |0.04691 [0.04251 [0.03L483 | 0.02995
480 | 0.23245 | 0.11578 | 0.0TT29 | 0.05836 |0.05216 |0.04T25 |0.038614 0.03304
520 | 0.25226 | 0.12605 |0.08436 | 0.06378 {0.05701 |0.05163 |0.0k212} 0.03595|
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TABLE G-XXIII

; NITROGEN DENSITY FUNCTIONS (F AND f)

——— |

SPECIFIC o g1/2

VOLUME .
(F£3/1b) (b/Btw) | (in.2/166)1/2
18 -o1] 10744 -01| 54076 -02
20 -01] 12136  -01] 63972 -02
22 -o1] 13418 -01} 73359  -02
24 -01] 14621  -01| 82231  -02
26 -01| 15764 -01| 90589 -0
28 -o1| 16867 -01| 98531 -0
30 -01| 17937~ -01]/ 10605 -01
32 -c1| 18987 -01]11328 ~ -01
34 -ol| 20018 -o01|12023 =01
36 -01} 21038  -01]| 12697 -0l
38 -01| 22051 -01|13357 -0l
40 -o1| 23056 -01|14001 -0l
45 -01| 25554 -01{15580 -0
60 -o1f 32992 -o01| 20170 -oO1
10 -00} 52782 -01|32280 -0l
30 -00| 151724 +00}92790 -0
10 +01| 498018 +00|304574 +0
30 +01| 148743 +01|909672 +0
10 +02| 495037 +01|302751 +01
100 +03| 494739 +02|302569 +0
300 +03| 148415 +03|907666 +0
1000  +04| 494709 +03(302550 +0
3000 +04| 148412  +04[907648 +0

UNCLASSIFIED

-278..




UNCLASSIFIED

m& UHM/ VAN NUTS. CALIFOANIA

Report 6099

HINMICRATION

TABLE G-XXIV

NITROGEN LOW PRESSURE THERMAL CONDUCTIVITY

TEMPERATURE

CONDUCTIVITY
Kt
BTU/HR=FT="R

630 +03] 17248 =01
720 +03}| 19278 -01
810 +03} 21182 =01
900 +03] 23030 =01
990 +03} 24794 -01
1080 +04| 26460 © 01
1170  +04|28070 -0l
1260 ¥04| 29596 -01
1350 +04} 31080 -01
1440 +04] 32452 =01
1620 +04| 35056 =01
1800 +04]37422.. -01
1980 +04| 39592 =01
2160 +04| 41552 -01
v
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TABLE G-XXV

NITROGEN LOW PRESSURE VISCOSITY

“TEMPERATURE VISCOSITY
.R IT
mg'—_ / =
0 +00|0 -00
180  +03|16610 -01
270  +03| 24412 -0l
360  +03|31330 -01
450  +03|37564 -0l
540  +03/43194 -0l
630  +03[48382 -0l
720  +03|53208 -0l
810  +03|57793 . -01
900  +03|62177  -01
990  +03|e6400 -01
1080  +04|70462 -0l
1170  +04|74162 01
1260  +04|77701 -01
1350  +04|81120 -0l
1440  +04|84418 -0l
1530  +04|87635 -0l
1620  +04|90772 -0l
1710  +04|93829 -0l
1800  +04[96765 -01.
1890 +04 (99620 -01
1980 +04 1102395 -00
| 2070  +04[105120 -00
2160  +04|107744 -00
2250  +04]110278 -00
2340°  +04(112811 =0
2430  +04[115265 -00
2520  +04|117638 -00
2610  +04[119970 -00
2700 +04[122263
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NITROGEN RESIDUAL THERMAL CONDUCTIVITY

TABLE G-XXVI

DENSITY

L8/FT3

0 +00
176512 +00
116477 +01
155302 +01
194128 +01
242660 +01
291192 +01
339724 +01
| 388256 +01
485320 +01
$82384 +01
7176512 +01
“116477 +02
155302 +02
194128 +02
2329547 7402
271779 +02
310605 +02
24430 v02
388256 +02
427082 +02
465907 +02]
504733 +02
543558 +C2

0 =00
30474 =03
44695 =03
57901 " T-03
73138 -03
91422 -03
10971 “-02°
13002 -02
15034 =02
19300 =02
24074 =02
33725 =02
56682 ~ -02
85327 -02
11783 -0l
15440 ~=01 ]
19808 =01
24379 -0l
29966 =01
36569 =01

CONDUCTIVITY
K2

BTU/HR=FT="R

-4

44492 =01

3837 T =01
67043 -01
90406 -0l

e
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TABLE G-XXVII

'NITROGEN RESIDUAL VISCOSITY

DENSITY VISCOSITY
LB/FT? A0
LB/FT-HR
0 +00/0 - -00
194128 +01| 10580 -02
388256 +01| 24963 -02
679448 +01| 51710 -02
970640 +01|86184 -02
135889 +02| 14562 -01
194128 +02| 255579 -01
242660 +02| 380397 -0l
291192 +02| 540877 -01
339724 +02| 748906, -01
388256 +02| 104015 =-00
436788 +02| 154536 -00
48532  +02| 240720 -00
533852 +02| 439834 -00
582384 +02] 950992 -00
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APPENDIX H

Translation:
COMPRESSIBILITY OF NITROGEN
AT PRESSURES UP TO 10,000 ATMOSPHERES

By D, C, Tsiklis
Doklodr AN SSSR

1951 Vol, LXXXIX No. 2

Translated by J. E. Ahern
The Marquardt Corporation

The compressibility of many gases has been studied in a wide interval
of temperature at pressures up to 10,000 atmospheres. In the literature, there
are also data on the compressibility of certain gases at pressures up to 3000
atmospheres. For pressures greater thén 3000 atmospheres, there are only iso-
lated works. Meanwhile, the accumulation of systematic data on compressibility
in the intervals up to 15,000 to 20,000 atmospheres would be of great interest.

In the present work, the authors set as their goal the determination
of the compressibility of nitrogen in the interval from 6500 up to 10,000
atmospheres at temperatures of 50°, 100° and 150°C using an earlier described
method, (Reference H-1). The obtained data were smooth along the PV-P curve
(See Table H-I). '

We attempted, based on the assumption of similarity of properties of
compreasible gases and liquids, to compare the equation of Tait (Reference H-2)
to our experimentally obtained data.

0 B+P
= C 1n
Vo B+Po
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where
Vo = Initial volume serving as the zero reading
Ro = Pressure corresponding to this volume, in atmospheres
v = Volume at pressure P
Band C = Constants

B depends only on the temperature, and C does not depend on temperature
‘nor on pressure. This expression was verified (Reference H-3) for a series of
liquids, the compressibilities of which were known up to 10,000 atmospheres.
In particular, for water, excellent agreement was obtained between the test and
calculated results (the error did not exceed 0.001%).

Taking as the zero reading the value of the volume for nitrogen at
3000 atmospheres, we found the values of the constants B and C for the interval
of pressure from 3000 up to 5000 atmospheres, calculated the volume of the
nitrogen in this interval of pressure, and compared it to the experimental
data (Reference H-lIt) (See Table H-IT).

The constants of the equation for this interval of temperature and
pressure correspondingly are: C = 0.3688 and B = -1421 for 50°, -1587 for
100°, and -1716 for 150°C.(The gressures are in atmospheres). The maximum
deviati;n did not exceed 0.2 cm3, or 0.6%. The least deviation was 0.0l cm®,
or 0.03%.

We extrapolated, by the obtained equation, the values of the volume
of nitrogen at 50°, 100°, aid 150°C up to 10,000 atmospheres and compared the
results to those that we de-ermined (Table H~I). The deviation between the
experimental and the calculated values of the volume were not large snd did
not excecd the accuracy of the determination (Reference H-1).

Bridgman (Reference H-5) determined the compressibility of nitrogen
at 68°C and pressures up to 15,000 atmospheres. We took as his reference the
volume of nitrogen at 3000 atmospheres and expressed his experimental data in
the form of differential volume AV..
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APPENDIX H (Continued)

Using the value of the volume of nitrogen at 3000 atmospheres and 68°C

from the literature (Reference H-4), we calculated the volume of nitrogen accord-
ing to the data of Bridgman and compared it to our data (See Table H-III).

From the table, it 1s seen that the data of Bridgman are overestimated.

In conclusion, the author expresses his thanks to I. R. Krichevskii

for his advice during the conduct of this work.

Y
) 3
H-1
H-2
p H..3
H-b
H-5
'
-
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TABLE H-I
VOLUME OF NITROGEN
e’ / mole
Pressure 50°C 100°C 150°C
(atm.) Exp. | Calc. | Exp. | calc. | Exp. | calc.
6500 28.50 | 28.60 [29.45: 29.47 | 30.26 | 30.29
' 7000 27.93 | 28.07 |28.88 | 28.90 | 29.62 | 29.68
7500 27.42 | 27.59 [28.37| 28.38 | 29.05 | 29.13
8000 26.96 | 27.15 | 27.85] 27.85 | 28.63 | 28.66
8500 126.56 ] 26.73 | 27.42] 27.46 | 28.06 28.15
9000 26.18 ] 26.35 [ 27.01] 27.05 | 27.64 | 27.T2
9500 25.83 | 25.99 | 26.66 | 26.67 | 27.26 [ 27.31
10,000 25.65| 25.65 | 26.31] 26.31 | 26.92 | 26.93
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APPENDIX H (Continued)
- _ - TABLE H-II
VOLUME OF NITROGEN EXPERIMENTALLY DETERMINED AND
: CALCULATED BY THE EQUATION OF TAIT
. _ em3 / mole
| Pressure 1 50°C. 100°C 150°C
(atn.) Exp. | cale.| Exp.| calc.| Exp. | Calc.
3000 | 35.16| -- 36.791{ -- 38.35] --

3500 33.63 | 33.62] 35.09] 35.01 | 36.46 | 36.34
4000 32.41 1 32.40] 33.73 | 33.65| 34.96 | 34.83
4500 31.k2| 31.41} 32.60 | 32.54 | 33,73 | 33.79
5000 30.60] 30.56| 31.60} 31.61 | 32.68 | 32.78
~ 5500 | 29.88| 29.83} 30.84 | 30.80 | 31.78 | 31.91
' 6000 | 29,18 29.18] 30.09] 31.10{ 30.98 | 31.15

TABLE H-TIT

VOLUME OF NITROGEN

‘ om / mole
Pressure Deta of | Data of the Authori

(atm. ) Bridgmen | and Reference H-4
3000 35.75 35.75
4000 33.25 32,48
5000 31.50 30.96
6000 . 30.21 . 29.51

o T000 - 29.20 28.27
8000 28.41 ‘ - 27.30
9000 27.76 26.48

10,000 27.19 25.89
b
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APPENDIX 1

SUMMARY OF NOMENCLATURE

Symboll Description
A Radiator surface area, ft2
c, specific heat, Btu/l1b°R
c; Transport tank mass per unit hydrogen mass, 1b/lb
c, Constant, 1b°/hr |
Dl Outside dlameter of inner sleeve, in,
D2 Outside diameter of outer sleeve, in.
d Differential
Fraction of boil off rate which would exist in absence of partial
reliquefier :
Fx View factor from line source on lunar surface to radiator
Fl View factor from rediator to deep space
F2 View factor from radiator to luner surface
F3 View factor from lunar surface to deep space
Fh View .factor from lunar surface to radiator
FS View factor from radlator to earth surface
f Friction factor; function
G Thermal conductance; mass velocity, 1b/hr £t2
H Enthalpy, Btu/lb
h Height of radiator, ft; heat transfer coefficient, Btu/ft2 hr °R

UNCLASSIFIED

_325-



o UNCLASSIFIED
/%rquara’/ Report 6099

(AR RATNIN

APPENDIX I (Continued)

Symbol Description
L Length normal to radiator of radiation shields divided by radiator
height; length of heat exchanger, in.
M Total varisble mass, lbs; flow rate, lb/hr
'Mb Mass of hydrogen boil off, lbs
Mi Mass of tank insulation, lbs
Mﬁin - Minimum total variable mass without a reliquefier, lbs
Mhih-pr Minimum total variable mass with a partial reliquefier, lbs

Mass of partial hydrogen reliquefier, 1lbs

Incremental mass of transport tank required to carry an amount of
hydrogen equal to the boll off loss, lbs

Cold fluid mass flow rate, 1b/hr

Hot fluid mess flow rate, ib/nr

Hydrogen boil off rate, lb/hr

Hydrogen boil off rate in absence'of partial reliquefier, 1b/hr
Partial hydrogen reliquefaction rate, 1b/hr

Number of radiation shields

Pressure, 1b/1n,2

Cold fluid inlet pressure, lb/in.2

Cold fluid exit pressure, lb/in.2

Hot £luid inlet pressure, 1b/in.2

RBERB w2 x5 8 &2

Hot fluild exit pressure, lb/in.2
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APPENDIX I (Continued)
i Symbol Description
PRc Compressor pressure ratio
> Pr Prandtl numbher
Q Total heat rejection rate, Btu/hr; heat transfer rate, Btu/hr
q Total heat rejection rate divided by surface area on one side,
Btu/ft2 hr
R Partial reliquefier specific mass, lbs/(1b/hr)
Re Reynolds number
s Entropy, Btu/1b°R
T Teamperature, °R
Rt TB Breakeven radiator temperature -for equal horizontal and vertical
radiator heat rejection rates, R .
- TCL Cold fluid inlet tempersture, °R

TC2 Cold fluid exit temperature, °R

THL Hot fluid inlet temperature, °R

THD Hot fluld exit temperature, °R
T, Temperature of luna.rv substrate, °R
T, Temperature of lunar surface, 'R

< T3 Black body temperature of earth, °R
v Heat exchanger volume, :l.n.3
W Compressor power, HP; radiator weight, ibs ; heat exchanger weight, 1lbs
* W width of radiator, ft

X Quality; distance from ra,diator'd_ividéd by radiator height
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APPENDIX 1 (Continued)

Description

Symbol
a Absorptivity
A Difference
) ‘Jl + L2
€ Emissivity
hi] _ Burface heat trangfer effectiveness; isentropic efficiency
-1
9 tan (L); storage period, hrs
n PL1 = 3.1416
p Reflectivity
-8 2 4
g . Stefan-Boltzman constant = 0,171k x 10

Subserigta

a

Btu/nr £t R

Denotes radiator inlet conditions
Denotes radiator exit conditions
Equivalent environment
Horizontal radiator

Deep space

Radiator

Vertical radiator

UNCLASSIFIED

. "



-

DISTRIBUTION

UNCLASSIFIED

LXRIYRATH N

7'11! ’ A
%r uardl ... coroms Report 6099

Cogz No.
1l to 11 &

Reproducible

Transmitted to

National Aeronautics and Space Administration

George C. Marshell Space Flight Center

Hunteville, Alabeama - 35812

Attn: Procurement and Contracts Office
M-P&C - MPA

UNGLASSIFIED

- 220 -



